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FOREWORD

This report was prepared by Stanford Research Institute, Menlo Park,
California, on Air Force Contract F33615-70-C-1406, Project No 6091, The
program was administered by the Ailr Force Avionics Laboratory, Air Force
Systems Command, Systems Avionics Division, Wright-Patterson AFB, Ohio.

The Air Force project engineers directing the technical aspects of the study
were Claude Austin and Capt D F Wilkerson of the Avionics Synthesis and
Analysis Braunch, AFAL/AAA.

This work began in February 1970 and concluded in December 1972. The
research was conducted by the Electremagnetic Sciences Laboratory of the
Electronics and Radio Sciences Division of Stanford Research Institute.
The principal investigator, Dr J E Nanevicz, was responsible for rasearch
activity under Stanford Research Institute Project 8428,

The authors submitted this veport 5 March 1973,
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ABSTRACT

Ground and flight instrumentation was developed and euployed for
the study of vehicle wlectrification during the launch of two Titan I1IC
rockets, The flight instrumentation operated and gathered data from
ignition to paeyload orbit injection at 19,400 mmi, The first launch
occurred under clear-weather conditions and provided data on rocket-

motor electrification at 1iftoff and in he iohosphere. On the secoud

~—

- launch, clouds éxiated in the launch area so that this £light provided

data on vehicle electrification during flight through precipitation.

The results of the experiment indicate vhat rockets become electyified
by the action of the engines at liftoff, and that precipitation-particle
impact also producos electrification, Sireamer discharges were measured
resulting from procipitation-static electrificution of a dielectrie
susrface on the front of the rocket, Results frnm.the atmospheric portion
of the flight indicate that the electrostatic behavior of a large .

rocket is similar to that of a jet aixcraft,

In the flight through tho ionosphere, it was found that operation
of the main engines and altitude-control rockets produced readily detected
signals in the electrostatic scnsors, This indicated that rocket-exhaust

constitucnis were boimg roturied to the vicinity of the veaicle,

Data from the ground instrumentation indicate that tho oleétro-
static Lielde in the vicinity of tho pad at launch sxe dominatid Ly
charges on the’cléuda-gcncrnted by the launch.

Instrumentation and tho results of the terts are discussed in con-

‘siderable detail, Where appropriate, results are coupared to theoretical

analyses or to carliesr woasuxements on airorait and vockots,

ii1 -
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I INTRODUCTION

Fady

Rockets and space vehicles can acquire electrical charge of various

amounts from such processes as triboelectric charging from particulate

S R R

matter; plasma processes in the ionosphere, radiation belts, and solar
wind; photoelectric charging from high—energy radiation; and engine
chargirg from variocus processes occurring in the combustion chambers of

rocket engines. Of these charging processes, triboelectric charging

S A VS 0 e A

TR

and engine charging were known to be capable of produciig detrimental

1-7%
vehicle potentials that lead to sparks, corona, and streamers,

R LI LY.

On the Titan II1IC vehicle, anomalous Missile Guidance Computer

yi (MGC) responses have been observed during the flights of Vehicles C-10

Pl e e

and C-14, The anomalous responses occurred at 84 kft for the C-10 and

. at 58 kit for the C~14 flight. Ground tests of the MGC indicate that

FOWIC IV

similar responses can be produced by sparks to the computer case or by
electrical discharges near the computer system, In addition, the Titan i
I11C payload fairing is coated with an ablating material on which charge
may accumulate, and the fairing was not positively bonded to tho missile 5
frame., Thus, 1t was strongly suspected that the anomalies observed on

Vehicles C-10 and C-14 were of electrostatic origin.

The objectives of this program were to study the wvshicle electri-
fication mechanisms and charging=curreunt magnitudes on the Titan JYIC
rocket vehiclas in an effort to better understand the processes by which
electromagnetic impulses capable of afiecting system operation might
be generated., The objectives were achieved by developing and calibrating

. special flight-test instrumentation and installing and operating it on

*
References are listed at the end of the report.
1




T T I :
il »n‘z‘ﬁmﬁ."‘.‘lgfﬂ?ﬁﬁiﬁiu-"’.s‘j'x.?’z"ﬁ“uf.?.ﬁrfl\e‘&‘g“‘?fmvt“.','.-"..éﬁkis’z,’.’\';":-’;b‘.:f"xs':;el.':r‘f:»:m:'e..\ ¥ 5 . e [ = e 232058

AAENISEE

Yoo

two Titan IIIC rockets during scheduled firings. The instrumentation
was designed to measure vehicle potential, charging current arriving

on a metal frontal surface, streamers generated on a small dielectric 1

frontal surface, and ion current flow and electric field in the vehicle's

plasma environment,

Actual installation of the instrumentation on the Titan IIIC test

A R e Syt et A

vehicle was accomplished at the Eastern Test Range by the Martin-Marietta

Corporation on a separate contract.

During the Titan III instrument development and fabrication period,
Apollo 12 was stryruck by lightning during launch, As a result, SRI
scientists participated in two series of ground experiments (one on
Apollo 13 and the second on Apollo 14) to investigate the electrical
characteristics of the Apollo rocket and its plume.9 ‘These Apollo
experiments were conducted with no electrostatic instrumentation on the
rocket, while the Titan XIIC experiments werc to be conducted with no
ground-bnséd olectrostatic instrumentation, It was observed that both
programs would beo considerably stromgthonod at relatively little e:xpense
if provisions woro made to ineclude ground-basod measurenents on the
Titan program. In addition, since the Saturn boovstor is liquid=fueled,
and tho first stage of the Titan bouvster is solid-fueled, the acquisition

of velutable data fiom both vohicles affoxds an opportunity to coupare

the characteristices of golid- and liquid-fucled wotors, Accordingly, a
sat of ground-based field meotors wos fobricated and emploced axound thoe ‘ E

Titan XIIC launch complex for each lauich,

In this roport, data measured for flights C-20 and C-21 of the
Titan III vehicle ave presontud} The data includo ground-based measure-
ments as well as flight-test date megsured during light-off, below the
ionosphero, aud in the ionosphere. Ground-based mewsurements from the
Apollo 13 and 14 flights are also included for comporvison. Many details
ot the oxporiment are given in Appendices A through D, ‘ o .

2
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Following the two Titan IIIC flights, a set of similar electrostatic-~
. study instrumentation was fabricated by SRI and installed on a satellite
to be launched into syachronous orbit., A brief description of this

“ instrumentation syatem is given in Appendix E of this report.
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II DESCRIPTION OF INSTRUMENTATION

A. Flight Instruments

8
The instrumentation system was developed to measure the following

et I R A PR ""n&:‘. "

parameters during the flight of the test vehicle:

(1) Instantaneous vehicle potential

(2) Charging rate

et Ml 1 e b A

(3) Impinging-particle count
(4) Streamer discharge PRF
(5) Streamer discharge current

(6) Ambient electron density.

B R ZE SR S T C I

An electric-field=meter gsystem is used to measure vehicle potential. The

e

field strength measured at a point on the surface of the vehicle by the
field meter is directly proportional to the vehicle potential (V= «10 E

for the vehicle configuration at launch in free space); thue o measure

T Bl it L AL LT M

of the field strength is tantamount to o measure of vehicle potential,
The vehicle can be charged by frictional electrification cauvsed by i

rocket-angine operation,

A charging patch located on the nose of the rovket is used to measurs
the charging produced by impinging dust or precipitation particles
only.10 “The chaxging-rate patch consists of an electalcally isolated i
conductor on the outside of the vehicle, subject to the impingement of
dust ox precipitation, The electromic circuitry ussociated with this ‘ :
hntchr is designaed to measw'e the curront flowing to ths patch and to ] '

count tho number of porticlos impinging, 7 ' : i

In an cffort to further study thoe breakdown presess occurring on a A

rocket vohicle, provisions weore made to count the streamer pulsegfgeneraﬁed ;

[ 343
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by charging of a small, insulating region on the vehicle nose, The
electronic circuitry used for the streamer studies includes provisions

for measuring the streamer current and for counting the number of

kot (o e i A g e MR YISO T T R

streamers generated.

The Langmuir probes for studies during orbit injection are similar

to those designed and fabricated by SRI for use by AFCRL in theiyr Trail-
blazer experiments.11 The probe consists of an isolated conductor
biased negatively with respect to the skin so that it collects saturation
ion current, The magnitude of the current is related to the electron
density in the immediate vicinity of the probe.la Aithough a fixed-bias
ion probe does not permit the determination of electron temperature, its
simplicity and compatibility with the rest of the iustrumentation dic~
tated its choice,

One of the overrviding constraints on the program was that the
clectrostatic-study instrumentation bo carried on a "piggy-back” basis,
It could not intorfere in any way with either the moechanical or eleetrical
functioning of either the rocket ox tho'pnquud. This meant that the
sonsors had to bo dosigned in such a way that thoro was no gquostion of
- their mochanical integrity, hnd that thoir ingtallation did not comproaiso
the 1ntegr1§y of the vehicle and payload sysfom. These cenptraints |
limited the sonyoy designs that could be cousidored. ﬁor oxmmple, 1t was
not possible to congider»sonsors mountod on booms or struts protruiding
from the mold lines of the rocket since such a design would require
extonsive analysis'aud testing to verify its wochanical integrity in

the Titan I1IC lauwtich environmcnt.>

1. Field Meter
The field meter developed for this program is of the rotating-

vane design. The detector head 48 wounted in a hole in the skin in such ' .

a wmianner that thg metexr vanes 8re exposed to the exterior of the vehicle

as shown in Figure 1. Movement of the grounded rotor showa in the figure S
6 ' '
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FIGURE 1 FIELD-METER INSTALLATION ON TITAN 11l ROCKET

causos the stator to be alternately cxposed to and shielded from the
exterior enviromment, In this way an alternating signal is generated
in the stator as the rotor chops the ambient electric field at the skin
or as it chops o convection current to the skin, These two signals ave
in phase qundrﬂturc.s and tor low-altitude airhborne weasurements, only
the "in~phaso" sipnal genceated by chopping the true electric field s
measured. Although the "quadrature” response of the fleld meter to
convection currents is not a very useful physical parameter, it does
provide n basis for evaluating the behavior of the field meter in the
ionospherce, In the present fleld-meter system, therceforve, both the

"{n-phase” and "quadrature” components of the stator signal ave detected.
7
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‘To ensure its proper operation, the field meter must not be
located near plastic surfaces, which may accumulate charge and distort
the electric field at the meter location, In detemmining a locatiomn for
the field-meter sensor, the transtag913 (Stage 1I1) of the vehicle was
attractive because this section remains intact and operational until
payload orbital injection seven hours after launch. This part of the
fairing is covered with a 5-mil-thick layer of special, themal-ccntrol
silicone paint of sufficient electrical quality to maintain an’ electric
charge on its surface for extended periods of time. This problem was
overcome by installing a 21-by-30-inch sheet of Alzak (an electropolished,
anodized soft aluminum) on the skin of the vehicle surrounding the field
meter. This material has optical characteristics that make it suitable
for use as a themal~-control material on the surface of the Titan IIIC,
ani laboratory tests demonstrated that it retains a sufficiently small

charge on its surface to pemmit it to be used around the field meter.

2, Charging Rate and Particle Counter

The charging rate and particle count are detemmincd with one
gsensor and appropriate signal processing, The particle counting is done
by procescing pulses produced by individual particle chavge deposited on
tho seusor plate, and the charging rate is obtained from the average
current flowing to the plate us a result of thesc charge deposits, Using
data from aircraft flight tests for particle demsity and chuige per
particlo, tho maximum charging rote and counting rate at Mach 1 should
be of tho order of one milliampere por square moteyr and 107 particles
por socond per sguare motoy., A patch arco of the orxdor of 100’cm2 could -
thus collect a maximum current of 10 pA and intercept particles at a
maximum rate of 105 particles per sccond, Since those maximum rates

occur infrequontly evem on aircraft, the sensing system was dosignod

with a dynamic range such that the lower, more frequently encountered
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rates can be measured, The patch area of 100 cm thus provides adequate
current sensitivity and particle discrimination, and with such an area
the capacitance of the patch is sufficiently low that reasonable particle

pulse amplitudes are praduced.

A photograph of the particle sensor used on the Titan II1IC is
shown in Figure 2, The entire assembly is made of 0,080-inch~-thick
stainless—-steel pieces cemented to a fibexglass substrate., The particle
electrode is simply the 3-by~30-cm rectangle of stainless steel shown in
ihe lower part of the photograph. For best particle-pulse definition,
the sensor should be a conducting strip with its longest axis oriented
at right angles to the flight path, With this arrangement, particles
remain close to the skin as they cross the sensor electrode and gap, and
generate short, high~amplitude pulses. 1Ideally, the dimensions of the
particle-counting probe along the direction of iflight should be smaller,
and the probe should he located away from the budy of the vehicle-=for
oxample, on a boom extending out from the body. Such an idealized design
was not posgibie within the éonstraints of the_present program, Accoxdiugly,
the design of Figqu'z veprosents the nearest practical approach to the

idealized design.

The ingtrumentation for studying frontql charging is shows in
block form in Figure 3. ?urtiqics_impinging on the gensor induce
current pulses,'tho ucrcomponents of which are fed through the coupling
copacitor, €, to tio input of tho pulse amplifior located immediutely
behimt the songoy, The 1nput'roaistor. R, 18 chougn to that RCS (where
09 is the stray capacitence to ground of the input circuit) ia smoll
compared to the time botween successive pulses. The pulses out of the
omplifior are fed to an uthXute«vnlha amplifieyw, Thc'unipolnr pulsos
from the output are used to trigger a pair of ona—ahot multivibrators.

The output from cuch multivibrator is integrated and used to drive &

9
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channel of the telemetry system, Since all of the output pulses produced
by a particular multivibrator are of identical shape, the output from

the integrator is linearly proportional to the PRF of the pulses at the
input, Thus the output is linearly proportional to the particle imping-
ment rate, Wider dynamic range for the system is achieved by setting

the multivibrator constants such that the top multivibrator produces
wider pulses than the lower one, Thus, for a given pulse rate, the top
multivibrator produces a higher dc output from its integrator tham the

lower multivibrator,

The dc component of the curront deposited on the probe flows
to ground through the low=pass RC filter, the input resistance of the
differential amplifier, and R2. The voltage developed by this current
flowing through the differential-amplifier inputfié amplified and used
to drive a telemetry channel, The value of theilow-pass-filter input
resister Rl is chosen to be high with respect toVR. Also, Rl is located
physically close to the probe so that the charging-current circuitry is
effoctively decoupled from the particle-counting cireultry, Switch §
is open the entire time that frontal-charging measurements are being
made, so that the power supply Vp is not connected to the differential
amplifier during this time, (Actually, the switch is open as long as
the payload fairing is on the vehicle,) The purpose of the power supply,
the switch, and the iou-probe lead is to permit the particle-current
circuitry (- be used ag a Langmuir ion probe in the ionosphere, It was
largely this ability to use the same de=current-measuring circuitry both
for low=-altitude frontal-charging studies and ifor ionospheric-electron-
density measurement that dictated the choice of the fixed negatively

blased Langmuir ion probe for electron-deugity determination,

12
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3. Streamer Counter aud Dielectric Charging

The streamer patch is designed to provide a direct measure of
frontal-dielectric-surface charging and streamer-discharge occurrence, A
The streamer pulse rate and the streamer current to an igolated dielectric
patch were measured using signel=-processing electronics similér to that

used with the particle-charging system discussed in the previous sectiou,

Since the charge transierred in a streamer dischaﬁge is at
least an order of magnitude greater than that transferred in an individual
particle impact, it is possible to discriminaté:befween streamers and
particles striking the patch., Furthenmore,-the intercept area for -
particles was made small by using only a fihe,conduq&ing border akout a
dielectric surface as the streamer collector.‘ A sté@umer patch about
the game size as the charging-rate patch thua has about the same average
charging current, while the atreame;:pu}$§:counx\willibe qbout one=tenth

the count of the particle patch,

The form of the sensox evg;véd for qtreqmer studies is shown

in the upper part of the photograph of Figure'2, A vegion of dielectric

" 3 by 30 cem 18 exposed to impinging'particles.--Thé streamey electrode
18 a 0,005-1inch~thick styip of stainless. &teel insulated from the rest

of the structure and protruding 0.0056 inch onto the dielectric from the
lower edge of the rim around the dielectric rogiot, Qharge deposited -

on the dielectric surface is relioved by streamers to the sfreamer
electrode or to the surmvunding metal structure, Thesec stresmer discharges
generate pulses in the streamer-sensor electrode, VThé de current ﬁlow;ng .
to the streamer electrode is very mearly equal to one-half tﬁe'charging
current arriving on the isolated dielectric region (the octher half of

the current flows to the g.ounded surrounding structure).

The electronic system used for the streamer studies is of the

same form as that indicated in Figure 3, Since streamer pulses are much '

- 13
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more energetic than the pulses generated by individual precipitation or
dust particleg, the gain of the pulse amplifier in the system is reduced,
The de-current-measuring system is identical to that used in the particle-
charging studies, since the charging areas are very nearly the same in
the two cases, and the currents should be the same. The design of the
gystem is such that the streamer-current electronics are used t0 measure

current from a2 second Langmuir ion probe in the ionosphere,

4, Summayy of Characteristics and Sensitivities

The characteristics and gsensitivities of the various components

of the Titan I1IC instrumentation system are shown in Table 1. It is

Table 1

SUMMARY OF TITAN IYIC INSTRUMENTATION CHARACTERISTICS AND SENSITIVITIES

H
e e S b

Sengoy baramoetzrs Measured Nominal Range
Ficld metey Electric field (high guin) 10 kV/m
Electric fiold (low gain) - £300 kV/m
Convection current (high gain) &ﬂ.lfmA/mz
Convection curront (low goin) |. %3 ma/m2
Particle Particle impacts (low count) |} 0 to 1,000-pps
Countor Particle impacts (high count) 0 to 20,000 pps
Strsamer Streamer pulses (low count) 0 to 500 pps
Counter Strsamer pulges (high count) 0 to 10,000 pys
Partiele~ Current (high gain) #0.1 A
current songor | Current (low gain) 3 pA
Ion Probe No. 2 | Curvent (high gain) - 0 to 0.1 i
: Currvent low gain) 0'to 3 WA
Streamor- Curreut Chigh goain) 0.1 pA
current sengor ) Curvent {low gaiu) 3 pA
Ion Probe Ro. 1| Current (higl gain) - 0 to 0.1 A
Curzent (low gain) 0 to 3 pA

14
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evident that dymanic range was achieved by employing two linear data-
output channels (differing in sensitivity by up to 20 dB) for each

parameter measured, The sensitivity limits for each measurement were
established using best estimates for expected values of tie measured

parameter. Details of these cousiderations are presented in Ref, 8.

5, Installation of Test Vehicle

The general form of the Titan IIIC test vehicle and the physical
placement of the electrostatic-study instrumentation on it are shown in
Figure 4, All of the electronics and sensors arve located either in the
transtage or the payload fairing. Both of these structures stay with the
vehicle throughout the early staging. The payload fairing is jettisoned
280 seconda into the flight at an altitude of 400,000 feet, The tran-
stage remalns intact an¢ operating until the time of payload orbit

injection,

A woxe detailed illustyation of the instrument logations s
given in Figure 65, fThe puvﬁiclg/streumer sengor 48 installed on the:
outside surface of a door in the wnge of the payloed fairing, (The pre-

tmplifior assocviated with this sensor is locoted immediotely behind the

sensor on the ingide of the door,) This location was chosen bocouse it

‘ploces the surface of the sousor at voughly 45° to the axis of the wcket,

This locotion is awoy fyom the stognation rogion at the nose, but stiil
not 4o far bavk on the rocket that the semsor iy shielded from the
particles. & location on the vehicle at 90° from thé'targ@t divection
was chosen to minimize'chnﬁgcs in particle impingesent redulting from
changing aiyflow patterns ubout the probe duving vehicla mancuvevriug.

The 1u-flight mancuvering of the Titan 1X1IC is such that the pitch of

" the rocket (dn the plane of tho target directioh) is uow-zero, and changes

‘from tigie to time during tho flight. No deliberate changos are wrade,

howover, iu the yaw direction, ond the yow angle is maiutained near zexro

5
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throughout the flight. Thus the airflow patterns about the sensor should

be constant during flight.

To avoid particle impingement, the field-meter sensor was
located on the side of the rocket away from the target direction, Since
the vehicle operates in a pitched-up attitude during much of the launch

trajectory, the back side of the vehicle is shielded from particles.

B, Ground Instruments

1. Titan

As wes indicated earlier, the purpose of the Titan ground
experiments was to generate data to supplement those from the flight
vehicle, and to provide a common set of measuremenis to unify the Apollo
and Titan electrostatic experiments. As is indicated in Ref. 9, the
Apollo experiments were designed to use launch perturbations in the
grovud-clectrostatic~field gtructure to infer as much as possible about
the elsctrical appearance of the launch vehicle (e.g., whether the vehicle
is highly charyged, and whether the conducting portion of the plume is
thousands of foet long), The SRI Apollo instrumontation consisted largely
of iicld motorxs arrayed on the ground arxound tho launch pad and on the
lautch tower, A similar ground installation was used for the Titan

launchoes.,

A drowing of tho launch pad showing the fivo giound fiecld-metorx
locaticns is given in Figure 6, Field metors wore installed ot the

following stations:

Traek by tower (A), 320 £t from pad
Guoaxd gate (B), 610 £t fxow pad’
Outyide fowce (C), 1090 £t from pad
Flamoe tyench (D), 430 £t fyom pad

Umbilicol tower (B), 170 ft above pad

18
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During the early part of a Titan launch, the exhaust ls directed east-

ward via the ;ingle exhaust duct extending east of the pad as shown in .
Figure 6. To minimize coupling to the exhaust products (which generally

are charged), a set of field meters A, B, and C was set out in a line -
to the south of the pad at right angles to the exhaust duct., Field meter

D was positioned slightly north of the exhaust-duct axis to couple

strongly to the exhaust products., Field~meter E was located on the top

of the 170-ft umbilical tower to couple strongly to the rocket as 1t

moves by the tower, in an efifort to measire the potential of the vehicle

as it moves by.

A photograph of a typical ground field-meter ingtallation is
ahown in Figure 7, All the electronics and the strip-chart recorder
were housed in a plywood box that protected the systen from the weather
and provided a convenient base for sandbagging to protect the ingtrumen-
tation from the launch blast, The field-meteyr detector head is positioned
upside down 13} inches above ground and o few feet toward the pad from
the iustrunentution box. (Iuverted-ficld-meter operation avoids problems
'with the motoyr boaring and insulator design whon the sensor must be
operatod in the rain,) Electrostatic coge calibratiows provided the
truo ambient oloctrostatie field Irom the field that was read at the

dotoctoy face,

A photograph of the field-~moteoy installation on top of the
umbilical tower is shown in Figuve 8, The fiold-moter dotectoy head 18
pogitioned upside down 20 inches above the top of the tower. The field meterx
installed on the umbildcal tower is ono'of tho heavy-duty units devoloped
for the Titan III onboard field measuremonts, ond was guolified to a
160-dB acoustic envivongent, and to a 1360-g paak.uhock.a Elaectrostatic
cago calibrations indicato that the anbient electyostatic field at the : T
‘field-motor location on top of the towor is 27% of the fiecld roading at '
tho motor fuce. Also, the umbiont field that would exist at giound level | -
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is 12% of the ambient field at the top of the tower at the field-meter
location, Thus, to obtain true tower-top fields, field-meter-E readings

must be multiplied by 0,27 while, to obtain the true ambient eartn's

G A e Bt e Rk S i L e T A '5‘% m“ A .

field, field-meter-E readings must be multiplied by 0,12 X 0.27 = 0,032,

2, Apollo Launch Instrumentation

9
The SRI field-meter layout used during the Apollo 14 launch
is shown in Figure 9. Field meters for the Apollo 14 launch, and also
for the Apollo 13 launch, were installed at the following locatious:

¢ Crawlerway, 5740 £t from pad
(slightly north along crawlerway road for Apollo 13)

ot Bl e s

Slidewire, 2780 ft from pad

Parking lot, 2500 ft from pad (oniy Apollo 13)
Camera pad 5, 1310 £t from pad

Camera pad 4, 1300 £t from pad

Unmbilical tower-=LUT, 340 £t abeve pdd (only Apollo 14).

During Apollo launches the exihaust is channeled into two flame trewchos:
one extending north of the pad and the otherréouth of the pad as shown |

in Figure 9, | : : o

The moin Apollo avray of three fiold moters, at comera-pad §,
- erawlerway, and slidowire siteé, ig locatoed ulonﬁrn line roughly aﬁ vight
angles to tue flame tronches and is cualogous to the main Titan arvay
of threce fiold metexs gouth of the Titan lounch pad. Apollo ficld-moter
gites at camora-pad 4 and the purking-lot (Appllo 14 only) axe compurable
to the Titan flampe-trencih sito in that thoy all couple tightly to the '
flame trenches, 1t should be noted that Apollo gites are locatod further
away from tho pad than the Titan sites, A field-motor instullation was
" ' also placed 340 £t up tho 380-£ft launch umbilicul tower (LUT) for tho
Apollo 14 launch to couplo,at:ongly to the Suturn @5 it was passiug

thultowor.
23
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III DESCRIPTION OF FLIGHT

A, Titan I11I1C-20

The Titan II1C~20 flight was conducted in early Spring of 1971,
Time of SHM ignition was 0743:01,24 GMT,

U )

A general Titan III mission is described as follows:l4 The vehicle
is launched at the AirForce Eastern Test Range (AFETR) on a 93° flight
azimuth, The transtage and payload are injected into an orbit of 80 X 95

nni at the completion of the Stage II burn., The transtags engines are
then ignited and a transfer maneuver is performed at the first equatorial
crossing (over the Atlantic)., This transfer manvuver produces an orbit
with an apogee of 19,323 nmi. When the apogee is reached, the transtsge

engines are ignited for the second time and a plane change/circularization

maneuver is performed., Thig maneuver produces a synchronous orbit (19,323
i) in the equatorial plane, Shortly aftor the second shutdown of the

transtage engines, the vehicle is rcoorientod to the payload-separation

.
|
i
i
i
!
i
i
3
-
S
!
Ty
o2

attitude. Following payload separation the Attitude Control System (ACS)

i o4 by B, S et 1t e

and main engines of the transtage are disabled, and the Titan III pox-
© tion of the mission is completed. ‘Thermal mancuvers are performed while i

the rocket is in the transfer orbit orientation. This orientation re-

LG R T e R ARV R

sults in the transtage roll axis being alighed within 20° of the launch~
sito inertial vortical with the outer gimbal equal to : 160°, This
yoll-axis attitude is heold constant while a back-and-forth roll

maneuver of + 112° amplitude is maintained. At each extreme there 1is

AT PR VT NP PIE TN SR

a dwll time of 276 :5s, The roll rate used is 1,0 + 0.1, -0%°/s,

R Bt b o S i

Launch time 1s chosen such that the insolation vector is within a 60°
half-angle cone messured for@nrd and aft from a plane normal to the

transtage roll axis. During the transter period, these thormal-orioptntion

1
P
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maneuvers are interrupted three times to allow the attitude control
system to orient the vehicle to an attitude that permits the ground

station to receive telemetry data from the vehicle,

A clear stable atmosphere and no cloud formations existed in the

AFETR area at the time of the Titan IIIC-20 launch,

All test instruments worked on the ground and in flight to synchronous
2rbit. Interesting electric~field data were recorded on the ground prior
to launch and up to 1 or 2 minutes after launch (corresponding to vehicle
altitudes of 36 to 135 kift)., TFlight-test data were obtained during the

following six telemetry windows:

Approximate Altitude

Boost phase 40 to 400,000 ft
First transtage burn 80 to 150 nmi
310 to 430 nmi

Coast phase 1350 to 1450 nmi
1830 nmi
Second transtage burn 19,300 nmi

and payload ejection
A post-flight reconstruction of the C-20 trajectory was made availsable
1 .
by Martin Marietta Corp. covering all powered phases of flight, ACS
activity was identified on the reconstruction for all telemetry windows,
Sun orientation relative to vehicle roll axis and roll plane was also

available for vehicle flight events during ionosphere flight,

B. Titan 111C-2)

The Titan I1IC-21 f£light wus counducted in Fall 1871, Time of SN
ignition was 0308:05.44 GNT, |

26
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The general mission of the C-21 flight is similar to that described
for the C-20 vehicle except that a double payload was released at 19,400

mmi during sequential times.

Flight-test data were obtained in the following seven telemetry

windows:

Approximate Altitude

Boost phase 20 to 500,000 £t
Park orbit 80 nmi
First transtage burn - . 100 to 200 nmi
" 4,200 nmi
Transfer orbit 14,200 ami
18,600 nmi

Second transtage burn
and satellite ejections 12,400 nmi

Dota concerning powered flight trajectory, ACS activity, and flight-
oveat sun orientation were made available for tho C~21 flight by Martin
Marietta Corxp., ACS jot preossuxe data wore clso provided for correlation

with electrical measuremonts,
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IV LIFT-OFF PHASE

A, Airborne Data

1, Titan 1JIC-20

Onboard instrument data for the first minute afteyx launch are
shown in Figuvre 10, In general, particle and étreamer sensor activity
was very minimal. This is to be expected in view oif the clear weather
counditions at the time of launch, In fact, the only indications from
these two sensors in this flight regime consist of a few particle counts
(25 to 50 pps woasured starting at roughly 20 kft altitude), There was
no accompanying indication of particle or ntréamer current and no change
in vehiicle potemnt.ol indicating charge accumulation on the rocket, It
is not clear, thoroifore, what iaterpretation should be plaved on the

burst of particle-counter activity,

The field-metor recoxd at the time of lounch is far moxe
intovesting, In view of tho existing stuble and cleur meteovological
conditions at launch, rocket charging is ovidently cuused by progesses

in tho ionized rocket exhaust. It 48 seen that tho C«20 velitcle beging

' chuaging negstively about 2 s after SRY igaition. (Sce Appondix A for

Aot bty . N . .t L, S (e o A TR R R R AT S
R N TR A LR L Y TN AT B VAR e TS ) B VT ARRINOTHL,L T NPT AT ST N (R WSRO A R N, L e VR e S R T R TR,

q

el - 4

polarity convention adopted in this report.) fhe rocket potential remains

at approximately -20 kV uutil about 7 s sfter liftoif (at 0743:09.5),
when tha rocket altttude is 650 ft. The subsequent abrupt increase in

'ﬁegntive potential can be interpreted to indicate that the highly

‘conductive portion of the rocket exhaust bieaks vontact with the ground

at 650'tt. This behavior is cousistent with the Apollo work of Uman;??
he has indicated that the visible rocket plume (lemgtih approximately

625 ft at grouud level) is a unifomaly good couductor, but that the

29
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conductivity drops quite rapidly with further increasing distance along

the exhaust trail.

Launch movies indicate that when the rocket reached an altitude
of about 600 ft, the exhaust clouds in the vicinity of the pad
changed from a grayish, white appearance to a redaish, orange appearance.
The portion of the rocket plume impinging on the pad also exhibited this
change at sbout 1000 ft rocket altitude. This visible change in exhaust
characteristics apparently indicates a cooler exhaust and a concomitant

reduction in plume conductivity,

The ¢~-20 vehicle reaches 200 kV negative pctential about 12 s
after SRM igniticn at an altitude of 1.4 kft. The potential is held
nearly constant at 200 kV for nearly 5 s, (Limiting probably occurs as
the result of corona discharges from vehicle extremities.) Altogether,
the rocket pctential remains above. 50 kV between 800 and 4000 ft (9 to
20 ¢ after ignition). At these altitudes the vehicle, as viewed by
camera, is trailed by an exhaust plume removed from local exhaust clouds
generated in the launch area. The vehicle returns to approximately zero

potential 34 & after lauuch at an altitude of 12 kft. At this altitude

the rocket plume is not visible in the launch movies. This behavior agrees

with aircraft experience where engiue-charging current monotonically

decreases as the aiyxcraft c¢limbs.

We may now use the rate of change of rocketi potential to estimate

rocket-engine charging current. From Figure 10 we observe that, during

-
the period of rapid potential increase, AV/At = ~10J V/s, From measure~

ments made on a scale model of the Titan IIIC vchicle, the seolf-capacitance

C of the vehicle is 1000 pF, The charging curvent i _ is given by

ch
i = € AV/AL
ch 0 5
= «10 X 10 (1)
= -100 -, ‘ '
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Both the polarity and magnitude of the charging current are in good

agreement with engine chargirg current observed on large American jet

4

aircraft. ® These currents were in the range 100 to 200 pA for "dry"
takeoffs (with the aircraft charging negatively), and increased by a
factor of 3 to 6 during water injéction. In a series of tests on 17
small solid-fueled motors, Boeing measured charging currents in connection
with fts minuteman prog;'am.l7 The motors were in the 200-to=500-1b
thrust range. The chargiga currents varied from less than 0.1 pA for the
200~1b=thrus t-motors, to siightly over 2 QA for the 500~lb-thrust-motors,
The motors ppparently charged to a negative polarity. Although it is

not clear gow one should scale data from a 200-t0o-500-1b rocket, to

apply a Titan IIIC with a thrust of 1,2 X 106 1t at least the polarities
are in agreement, and the small rocket-motor ¢ .  :nt is substantially

smaller,

I1f we gssume that the rocket-motor charvging processes remained
unchanged from liftoff to 650 ft altitude, we can estimate the plume
resistance Rp vequired to restrict the vehicle potontial to 20 kV during

this time. Ewmploying Olm's law

P

where V = Vehiclo potontial

I = Chayging curront

and substvituting numeriosl valuoes, wo cbtain

2 % 107

R P

p 100 X 10~
= 2300 M1

2. Titan IX1C=-21

Data generated by oubourd indtrumonts during the first minute
after C-21 launch arve shown in Figuxe 11, This roecoxd obviously shows .
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far more activity than the C-20 data in Figure 10. Inspecting the rocket-
potential record in Figure 11 we see that in the first two seconds after
ignition, the field meter indicated a field chunge corresponding to a
positive potential of 50 kV on the rocket. It is not clear what physical
explanation should be offered for this initial positive potential
excursion, The vocket nas barely moved from the pad, so that the plume
is certainly in good contact with the ground; thus, based on the C=20
experience, one would expect the rocket potential to be low. Seeking
some transitory charging process involving the rain does not seem

promising because the field meter was exposed to the rain and its reading

wag steady until SRM ignition.

Following the initial positive excursion, the potential assumed
a low negative value and remained there until 0309:14 when the rocket
reached 650 £t altitude. At this time the potential rapidly iancreased
to a maximum of -100 kV. This rapid potential change again suggests
that the conductive plume brosks contact with the ground when the yrocket
reaches 650 £t, The rate of potentinl increagse is AV/0 t = «5.5 ¥ 104 V/s.
This corresponds to a charging currvent of ichg = «5,0 X 10 (10*9) = =55 JA,
which 13 roughly half the roakc?-motor chaxging current observed durxing
the lauach of C-20, Aftor roaching ~100 kV, the rocket potontial gradually
decroased and remainod within the range #156 kV for the rest of the flight
through tho atmospherxo.

Both the particlo~ and gtroamer—counteor channels indicate that
nogative charge is arriving on the gsengor inmediotely after SRM ignition,
It 15 very likely fhai theseo sensor currents do ot represent sctual
chaxrge arriviug on the vehicle, but ruther aro electrochowical curronts
flowing 1n oach probe systow bocauso the mobos ere wet fxrom the rain,

(Tho probes were uncovered prior to launch,) Although the scngors wore

wmade ontirvely of stuinless steel, thero i9 often gufficiont diffovence

in tho wetals that battory action <an occur. This offoct wos ofton
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observed on aircraft flights through rain where it was found that the

current would gradually go to zero after the aircraft left the rain cloud

s AT IRORE

and the probe dried,

S
B~

True charging by precipitation begins unequivocally at 0309:36 GMT i
at an altitude of 10 kft when the particle counter first indicates ;;
particle impacts. Particle counting and particle current persist until Eé
0310:00 when the rocket reaches 32 kft altitude, This occurrence of Zg
charging is in agreement with the available information regarding cloud é
structure at the time of launch. Figure 12 shows the AGC (Automatic Gain §

Control) record from the AFETR radar taken at 0130 GMT (roughly 1} hours i
prior to the launch). This record indicates that clouds existed from :
10,000 £t to at least 40,000 ft, At the time the record of Figure 12 was 3
made, there were altitudes in this range (17,000 ft and 24 to 30,000 ft)
free of clouds, The weather was so variable, however, that at the time j
of launch it is guite possible that the cloud structure was solid from :
10,000 £t to 32 kft. (Roughly two hours after launch all of the clouds g

ovar the pad had cleared and stars were visible,)

The particle-probo datg indicate that negative chavgo is arviving
on the rocket, This is in oagreemont wiﬁhitho charging polarity obsorved
during aiveraft f1ight in procipitation. Further coumparisons with |
airvervaft flight-tost results are also intorvosting. For exomple, ut
0309:45 GMY, whon the particlo curvent is maximum,‘ip = 0,8 A, the par-
ticlo count N is 6 X 103 particles/s and the vocket volocity v 18 '
roughly 1000 ft/s = 305 m/s. Since the particle-probe avea 18 A = 100 cmz
Q0,1 ftz, this means that the frontal charxging vate i/A = 0.8/0,1 =

]
8 pA/ft7, This value 18 in excélleont agreement with airveraft flight-test

. . 2
exporionec,la which indicates poak frontal charging of 5 to 10 pA/ft

2
. in cirrus and 30 pA/£L in froutal snow.
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The particle density ¢ in the cloud can be found from
X
- . Av
3
6 X 10

= 0.01(305) @)

L}

3 -3
2 X 10 particles/m .

Aircraft ilight-test exper:l.ence18 indicates that typical maximum particle
concentrations are, for cir . us-type clouds, 2 X 104 particles/ms, and
for a thunderhead, 6 X 104 particles/ma. Thus, the Titan particle-
density data are an order of magnitude below the maximum values measured

in the aircraft flight-test programs.

The charge qp acquired by each impinging particle can be found

simply by dividing the particle current'by the particle count

= 1 /N
. % P
i -6
i 0.8 X 10 -
‘ = -—-—-X-——-é- = 1,3 X 10 1°( (3)
: 6 X 10
3
: = 130 wic - :

Charges of the order of 10 to SO puC were measured duaring subgonic

8,19

1
aircraft {light tests. In more recent teats on an F=4 aircraft,

*
particle charges oi up to 100 puC were measured,

e ey sy

Tne styeamer study instrumentation alse rrnerated interesting
4 data during the period of maximum precipitation chavging, It should be
noted that streamer counting does not start until 0309:456 GMT, almost

g 10 3 after the onset of particle counting, This is reascnable because’

¢ the plastic surface taokes time to become charged before strecmer discharges

*
A report on these flight tests is currently under preparation at SRI as
. the Final Report on Project 7104, '
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can occur, 1t is also interesting that the streamer current is not steady,
but there are peaks of current corresponding to bursts of streamer
cccurrence, The charge qS transferred per streamer discharge can be
estimated from the streamer current 18 and the streamer count Ns'

using the relation

18
Q. =5 - (4)

For the period of maximum streamer current at 0309:45 GMT, we find 1a =

2 x 107 & and N_ =20, so that

2 x 1070

qs 20

=10%¢ .

This result is in perfect agreement with the results of ground- and
19
flight-test studies nf gtreamer proceosscs, where it was found  that

the charge transferyred per gtyv wor wus 1 to 1.5 X 10”9 C.

3. Compoarison with 707 Datg

Although many aspeets of the Titan 1IXC-21 olectyrostatie
bohavior have boon similar to that obsorved on lavge jet aiveyaft, thero
a»o impertant differvnces, Figure 13 shows plots of she potential of
the Titon I1XIC-20 and C-21, togotheir with a typical record of the poton-
tial of o 707 aircraft duriug tukeoff, In the case of the 70?7, engiue -
charging causes the potentiul to rise to 100 to 150 kv (depending on |
whother water injection oy dry engine operation is beiug used) immediatoly
when the whesls leoave the ground., In the case of the Titan lllé, the

Cconduetivity pf the oxhaust plume in contuct with the ground holds the
potential down until contact i9 broken at an nltitudo of 650 £t. Then
the potontial rises to 100 to 200 kV. | .
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FIGURE 13 COMPARISON OF POTENTIAL OF 707 AIRCRAFT IN FLIGHT AND TITAN I

IN LAUNCH

Ag the 707 ¢limbs, iu cleay weather, 1ts potontisl gradually

decreages monotounically to zero., Xf the 707 encounters precipitation,

its potential rises to 50 to 350 kV (the procise value depends on the

density and type of cloud), The potential of Titen XTIC also decreasos

to zovo o8 the iocket climbs., Howover, the Titun potential is only

slightly affected by an encounter with procipitation. Vor exumple, in

Figuve 11 at time 0309:45 GHY we showed that the frontal chnrgingvcurreut

is 8 uA/fte. (At this charging rate, the 707 potential Qould roach 150

kV.) ‘This insengitivity of vocket potential to churging uwndoubtedly

stomg fiom the high comductivity of the high-temporature rocket plumo,
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Similar behavior is observed on fighter aicraft equipped .ith after-
burners. For example, in flight tests on an F~4 at Eglin AFB*, it was
observed that operating the afterburner on takeoff increased the engine
charging, thereby increasing the aircraft potential, On the other hand,
if the aircraft was at operational altitude, the activation of the afier~

burners served to help discharge the aircraft and reduce its potential,

It is interesting to estimate the total precipitation charging
current to the Titan at the time at which charging rate was 8 uA/ftz.
Referring to Figure 5, we note that the payload fairing has a hemispherical
nose followed by a conical section that transitions into a cyliander.

Let us assume that the 8-uA/ft2 charging rate can be applied to the entire
hemispherical region, and that there is no charging aft of this point,
The diameter of the vehicle at the bottom of the hemispherical section

is roughiy 7 ft. Thus the projected frontal area e¢ffective in charging
2

is 38.5 ft .
From this it follows that tho total chargivng to Titan I11IC~-21

at time 0309:45 GMT is IT = 38,5(8) = 308 pA, This current was discharged

via the lonizod engine oxhausts at vohicle potentials substantially below

corona threshold lovel.,

B. Cround Data

The Titan IIIC ground instrumentation array was described in
Section II=-B., This ingstrumontotion wag used to vecord data during the
lounchos of C=20 and C~21, dJood data wero obtained on those ingtruments
on both launches, A dotailed discussion of tho ground data and its
interprotation is proscntoed in Appendix B. Some of the essentinl details

will bo discussed hewe {foxr the suko of continuity,

3
A report on these flight tests is currently undey preparation at SRI
as the Final Report oh Project 7104. '
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The purpose of these measurements was to invesatigate the degree to
which information recorded from ground instrumentation can be used to
infer the electrical characteristics of a vehicle during the early 1lift-
off period. If it were shown that such ground measurements are indeed
capable of generating useful data, considerable information regarding
vehicle electrical parameters could be gained from a wide variety of

vehicles at relatively little cost.

On the launches of both Titan IIIC-20 and C-21 it was found that in
the immediate vicinity of the vehicle, large field variations were observed
on the instrumen!s located on the ground, It was argued that these
field variations probtbly stemmed from the fact that a wide variety of
exhaust, steam, and debris clouds exist near the launch tower and flame
trench in the early stages of the launch., It ig likely that these various
clouds carry different amounts and polarities of charge, A field meter
located near the launch tower will be affected by these clouds as they

pass by and will indicaete erratic field variations.

The field meters farther removed from the launch tower indicated
that the launch generated a region of negative charge in the vicinity of
the launch pad., The time history of the measurod ficld variation was
such that it could not be ascribed to a negatively charged vehicle
climbing up from the rogion of the pad, The ground field variations were
much too slow to be compatible with chis physical picturo, In genexal,
it was concluded that the electric fioeld measurcd on the ground s tommed

from a large negative charge residing on the clouds generated during

the launch, As the cloud drifted away and digsipated, the fiold in the

vicinity of the pad gradually returned to its original level.

The above observations are in good general agreemont with the
results of ground ficld measurements made during the Apollo 13 und 14

9
launches, During the Apollo launches, however, it was found that a
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positive field excursion was generated by the launch at locations removed

from the pad, -

In addition to field meters emplaced around the launch pad, a field
meter was installed on the launch tower for both Titan lauhches and for
the launch of Apollo 14, Comparison of onboard Titan.field-meter data
with the readings of the launch-towsr field meter indicate that the
launch-tower data can be used to determine vehicle potential when the
Titan is in the range 50 to 170 ft, nozzle height. In this altitude
regime, charge on the vehicle couples strongly to the launch-tower
field meter. When the nozzle height exceeds 170 ft the flame is viewed
by the field meter and the readings are no longer related to vehicle
charge, Unfortunately, the conductive flame keeps the rocket povential
down until the vehicle reaches 650 ft altitude, so that the vehicle-
potential measurement from the tower is rot able to supply any infommation
about the ultimate potential of the rocket once the plume brouks

elactrical contact with the ground, .

An ipteresting result frew the Apollo 14 lounch-towey fiold-moter
measuﬁément is thé.ybservntion that the engives charged thoe vehicle
_ positively, (It will"be racalled that both Titans charged negatively,)
At the time the enginbe reached tho field metor, the measuwred fiold
magni tudo {ndicates that the Apollo 14 potontial was loss than §OCO V.
Tuis is in sgroement with the argument that the plume couduetivity holds

down the vehicle potcnfial while tho conductive part of the pluwse is in

contact with the ground,
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V FLIGHT DATA BELOW 500,000 FT ALTITUDE

A, Titan II1IC-20 Data

One of the interesting events observed during the time the rocket
was below the ionosphere was associated with the principal period of
particle~counter activity during the launch of Titan IIIC-ZOvshown in
Figure 14, Here occasional bursts of counting at approximately 50 pps
occurred at random times. There was no corxrespouding indication of
either particle current or streamer current., A single sf{reamer pulse
i8 indicated at 0744:46,4 GMI. Interestingly, this is the altitude
regime at which the couputoxr anomalies on Titans IIIC-10 and C-14
occurred. (The altitudes of occurrenco ure shown in Figure 14.)
Evidence of particlo impact at this altitude was not expected when the
experimont was being planned, sinco appreciable perticulato asttey ﬁoes
pot usually oceur at this dltituda,'-Nacrooua'clouds do avouy in the
vongo 60 to 130 kft, howover, and 4t is possihlé tﬁaﬁ thoy were present
the night of the luuuch. An effoxt wns'madﬁ to obtatn:{ndoﬁendent |
evidence for the exigstenve of wacroeous clouds over AFETR the night of
the C-20 luunch, Unfortunatoly, these clouds mre quite rare, and no
systemaﬁic pro¢edure has been ostablished for theiw détéétian und

moud tosing.,

Evidence that the particle/streamer-current and ficld-moter sysvoms
wore functioning at the 100-kft sl titude regime and that the absence of
current indications coincident with -the counts is nut due to instrumenht

walfunction is given in Figure 15, which shows the wecords of ihese

. systems at the time of solid-rocket-motor (SRN) jettison, At thes time,

two rvockets (exhausts directed toward tfie Titan ! stuge) are activated
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FIGURE 16 MEASUREMENTS DURING FIRST STAGING OF TIiTAN 11IC-20

to move the solid, strap-on rockets away from the main vehicle. The
operation of the jettison rockuts bathes the vehicle (including the
transtage) in exhaust products, This exhaust striking the Langmuir iop-
probe sensors undoubtedly generates the charging currents that saturate
both channels of both the particle~current and streamevr-current systems,
The same exhaust products impinging on the field-meter sensor produce
the noisy records shown. It must be concluded, therefore, that the
particle counts of Iigure 14 were indeed not accompanied by appreciable

charging current,
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- In this regard,\it is interesting to calculate the magnitude

of particle~-probe charging current that might be expected under these
circumstances. Flight-test measurements of particle impact charging ~
made on high-speed jet aircraft indicate that, following impact, atmos-
pheric ice crystals acquire charges of up to 50 puC, Let us assume that
the particles of Figure 10 acquired the same charge upon impact. Since
we have 50 particles per second striking the probe, depositing a charge
of 6§ X 10-11 C per impact, the current arriving on the probe will be

50 X 5 x 10 Y ¢/s

iprobe

0.0025 pA,

Unfortunately, the full-scale deflection of the sensitive-particle and
streamer-current channels is 0.1 yA, so that a current of 0.0025 pA is
right at the limit of detectability -of the current-measuring system,
Accordingly, it is not surprising that there is no indication of charging

current accompanying the evidence of particle impact.

Before leaving the question of tho encounter with poarticles at
, 100 kit a)titude, it is intoresting to invoke a further test. Experiments
§ involving the firing of 6/32-1inehwdiameteyr stoel balls through c¢louds
of ice cyystoly aﬁd dust iudicate that charging by impect with the ice

' © erystals was zorvo at velocitios 3500 ft/s and above, while impact with

j‘ dust particies produces chavging to volocities of 4000 to 5000 ft/s,

» | dopending upon the type of dust.zo The velocity profile shown iun the
lower portion of Figure 14 indicoates that, at this timo; the rocket
volocity is in tho rogime whore particle impoact charyging is moayginally

pnssiblo. (It 18 not clear thot the duta obtained with 5/32-inch-diometer

‘balls at son level shoutd bo upplicd on a one-to-one basis to & 10-fi-

diameter rocket ut high altitude., Thus 4t is conveivable that churging "

N e g,

could povgist to the velogitios shown in figure 14,) It agppears, therofore,

that tho evidence of particlo impact of Figure 14 must bo accepted as ronl. .
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An overall plot of particle data, streamer data, ion-probe data,
and electric~field measurements on the Titan IIIC=-20 rocket from launch
to an altitude of 500,000 ft (approximately 80 nmi) about 8 minutes

after liftoff is shown in Pigure 16. Particle and streamer currents

were measured from launch until the payload fairing (PLF) and the particle-
and streamer-current probes were jettisoned, After PLF jettison the

two ion probes were connected to the instrumentation and ion-probe %

current was recorded. Also shown in Figure 16 are times of occurrence ?
of discrete events associated with the operation of the launch vehicle,
From an inspection of the figure, it is evident that much of the activity
is associated with these discrete events. The first such activity is
associated with the jettisoning of the SRM at 0745:06 GMT and has been

discussed in detail in connection with Figure 135,

The next sensor activity began at rougnly 0747 and wns assoclated
with I-11 staging. Starting at 0747, there was a 10-s period during
which the particle-current sensor indicated current flow, and a noisy
output was obtained from the field meter, 7These signals ave consistent
with a physical picture of engine-exhaust products striking the field

motor and the No.2 ion probe (the No., 2 ion probe ig electrically con-

e .

nected to the particle-current eloctronics—-see Figure 3). It is

intoresting to note from Yiguve § that tho field moter aml tho No, 2
ion probe are in close proximity on one side of tho transtago, while
ion probe No. 1, which did not record any curvent flow, is locuated on g

the opposite gide of the transtage, Thus, during the last 10 8 of the

Stage=1 burn, it apposrs that oxhaust products impingoed on cue side of _ %

the transtage, g

At the timu of Btago-IX ignition, o lowge trawsient gignal appoaved
con all scasory. Following thia tramsient, the scensor readings went to
2010 until the time of pnyloudmfuirtng Jottison., At this time again,o
transiont occurred on all sonsors.
| a7
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Following PLF jettison, the Langmuir-ion~probe function was
activated, and ion~-probe current increased as the vehicle climbed, It
is of interest to compare the value of electron density indicated by
the Langmuir-ion-probe readings with published data and with the electron
density inferred from an ionogram made in Grand Bahama at the time of
launch, The analysis of Appendix C indicates that at 500 kft altitude,

the eleciron density Ne
~ 10 3
Ne = 4xXx10 I el/cm (5)

where 1 is the ion~probe current in amperes, At the time of Stage-II

shutdown, 0750:40 GMT at an altitude of 500 kft, both ion probes indicate
4 3

a current of 0.7 pA., From Eq. (5), this means that Ne =2,8 x10 el/cm .

This result is in reasonable agreement with Figure 17, which shows repre-
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FIGURE 17 IONOSPHERIC ELECYRON DENSITY
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gentative curves for ionospheric electron density as weil as the data
from the ilonogram recorded the night of the launch, The ionogram data
do not extend down to an altitude of 500 kft, The available data,
however, lie roughly midway between the representative day and night
curves in the figure. Thus it appears that, at 500 kft, an electron
density of 1 to 2 X 104 el/cm3 would be in agreement with a judicious

extrapolation of the ionogram data as shown by the dashed lines in the

Figure 17.

Beginning shortly after PLF jettison, the field meter indicates a
progressively increasing negative field. According to the sign convention
adopted for the field-meter polarity, this means that the vehicle is
becoming positively charged with respect to 1ts surroundings, No definite
physical argument for this charging is available, It is undoubtedly
connected with entry into the ionosphere, but the precise processes active

are complicated by the fact that the Stage=-11 engine is operating ut

this tine,

8. Titan I113C-21 Data

An ovoyrall plot of particle data, stircamer data, ion-probe data,
and electric~fiold meapurements on the Titan I1iC~-21 rocket to an
altitudo of 500 kft is shown in Figure 18, Thore are some similavitics

with tho C-20 flight date for this altitudo reogime, but the detailed

“behuavior 18 diffeveont, One of the obvious diffovences is tho high level

of particlo~counteor notivity dusing the C-21 flight, As was discussed
carlier, particle counts bolow 32,000 ft oltitude colincide with frontal-
charging~current flow wosulting from triboelectric charging during flight
through clouds of precipitation. Above 32 kit in Figure 18 the source

of the particle counts 18 not clear, On the actuel strip-chart records
from the C~21 flight, the character of tho particlo-count rocowd starting

at 0310 is very unusual, Tho counter output congists largely of a series
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of pulses with a very regular PRF of 10 pps. The pulse rise time of
0.02 8 (two samples at a telemetry sampling rate of 100/s), indicating
that all of the counting occurred in this brief period, and that, during
the remaining 0,08 s, no counting occurred. Occasionally the rise of
the pulse occupies 0,05 to 0,08 s (5 to 8 sample periods). Since each
sample period in the rise of the pulse added an almost equal increment
of amplitude to the pulse, the pulses with the 0,05-t0-0,08-g rise time
are from 2 to 4 times as high as the more usual 0,02-s-rise-time pulses.
During this period of unusual counter output sigwal, the ratio of the
algh-gain and low=-gain counter ocutputs is not consistent with the
relative sensitivities of the two channels., In addition, the particle
counts are not accompanied by charging current, It appears possible,
therefore, that the signhals activating the counter cirxcuits were not
generated by impinging particles, but were associated with some spurious
process such as sensor microphonicg, During the qualification testing
of the Titan-111 seusor system, for oxample, slight "hair" or noise was
ohgerved on the sensitive particle-count channol output during the
anplicotion of the acoustic environmont.s On the qualification tost
unit, it was poasible to get a noiso response from tho system by sharply
rapping the particle sensor with a gcrvewdrivor haindle, )Yt i8 possible,
therefore, that tho particle counts rogistered bogimning at 32 kit alti-
" tude are spurious and rosult from a microphonic particle sensor, It
should bo recalled that the stuge-~zoro or stoge-one ongine is opovating
thioughout this time, so that the acoustic noiso levels on the vehicle
aro high, Alternatively, it is possible that scume oleetrical Qignal on
tho rocket wag counled into tho countor. The souree of such a signal ts'

not known at this time,

Tho obsorved sigunls could be produced 1€ the PLY door and paxvticlo-
sonsor siructuro wexe resonant at 10 i, und 1f the sensor wicrophonics

gonerated bursts of woise aiguals of u substantially higher frequency
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when excited by the 10-Hz vibration. The 10-Hz excitation would account
for the vegular 10-pps pulse rate., The character of the counter circuits
is such that their response to a signal consisting of bursts of modulated
high-frequency noise would cause both output channels to generate
comparable signals., This anomalous behavior of the particle counter
appears to end at 0311 GMT, so that the data after this time are probably
more reliable., However, in view of the fact that anomalous behavior was
observed during the period 0310 to 0311, the subsequent data are suspect,

and have not been analyzed in detail.

Continuing with the review of Figure %8, we find that at the time of
SRM geparation at 0311:08,57, all of the sensors are affected, as they
were during the launch of Titan II1IC-20,

Starting at 0312:30, current flow begins on the particle-currvent
channel, A few soconds later, at 0312:50, currvent flow starts on tho
streamer=currelit channcl, and noisy output signals are obgerved on the
iiold-meter channel. This same goneral bohavior was obsoxved on the
C-20 f£light, excopt that on the C=20 flight tho styeumor-current channel
was unaffected. Thero 1t was argucd that the obsowrved signals wero
congistent with the physical piceture of onginc-oxhuust products stxiking
the songoxs on the trangtage., It i8 not cleayr why such n flow of oxhaust
products should be apsociated with the ond of the Stage~I burn, since all

of those #ignula go to zoro ot Stago-1Y dgnition, at 0313:24.01,

The denaor roadings remained at zoro until the time of PLF jottiaca,

At this timo a trasiont was observed on all sewsoer chaunels,

Starting at 0315:40 GMT, an irncreasing ifon current is colleuted by
both fon probes. By 0318:30, whon the xocket hus roached 500 kft ultitule,
the curront in each probo 18 0.7 pA, fudicating an ambiont oloction dongity
of 2,8 ¥ 10'1 ol/cna, in ogrectont with thoe value meagsusred on tho ¢-%0

flight, Whereas, on C-20, neither fou-curxent channel was affectod by
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Stage-11 shutdown, on C=21 the No. 2 ion current goes to zero at 0316:46,52
when the Stage~1I engine ig shut down, while the No. 2 ion-probe current
drops to 1/3 of its previous level. This result means that engine
operation can markedly affect the electron and ion density at the ion-
probe location, Accordingly, electron-density data obtained during periods
of engine operation are very likely not representative of the undisturbed

electron density at that altitude,

The jettison of the C-21 Stage-II engine at 0317:02,58 generated a
large transient on all sensors. It is interesting that the jettison of

the C-20 Stage-11 engine produced nc effect on any of the sensors,

In Figure 18, the field-meter record after PLF jettison indicates
that the vehicle gradually charges positively with respect to its
surroundings, The magnitude of the field and its time structure are in

good agreement with the experience on C-20,
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VI FLIGHT DATA IN UPPER IONOSPHERE

A, General

During the upper-ionospheric portion of the Titan IIIC flights,
data were obtained from the field meter (electric field and ion current
density) and from the two ion probes, The readings of these instruments
were strongly affected by the operation of the attitude-control-system
(ACS) rockets. 1In the upper ionosphere, the orientation of the vehicle
with respect to the sun is of great importance in detemining the sensor
signal. For example, when a sensor surface is illuminated by the sun,
photoelectric current is emitted from the sensor. Such current can be
misinterpreted a3 an incoming positive ion current, To asgist in the
interpretation of the flight results, sun-~orientation data were made
available to SRI for discrete times corrvesponding to the occurrence of

specific events on the rocket during ionospheric flight.

It is important to note that the rationale behind extending the
cxperiment to the ionosphere was not to obtain basic data regarding
ionospheric propertics over the flight trgjectories. Rather, the primarvy
purpose was to obsoerve the ways in which the electrostatic and plasma
parameters vary during flight as a spocific vehicle, the Titan 1YIC,
passes through successive repicnsg of tho iounesphere and ps vavious
operations of the vehicle are cavrviod out, In planning a puroly secientific
experiment, one adjusis the foim of his vehicle including shape, materials,
outgassing, periods of engine operation, and so forth, to optimize the
acouracy of the projoected mousurements, For the presont experimont, om
the othor hand, it was important that the ingtiumentation modify the

paysiocal characteriativs of tho £flight vohiclo us little as possible,

1)




The fomm of the mission was not changed in any way to accomodate the

electrostatic experiment. 1In spite of these limitations, it is important
to compare what the present experiment indicates regarding the ionosphere,
with accepted data to verify the general functioning of the instrumentation .

gystern,

A detailed review and analysis of the flight data from the ionosphere
has been carried out and is presented in Appendix D. Only certain of

the essential results will be dlisgcussed here.

B, Essential Results

As the flight vehicle climbs into the lonosphere, the ambient elec-
tron density gradually increases until the peak of the F layer of the
ionosphere is reached, Above the F layer, the electron density decreases.
These changes in electron donsity were evidenced ot the Titan IIXIC
flights by systematic variations in ion-probe curreut as tho vehicle
climbed, In gonoral, the electron-dongity values inferrved from the .
ion=probe curronts during the flights were in quite good sgrocment with

published data thyroughout each flight,

Each ion pyobe consisted ossemtially of a stoinless-gteel plate
13% umz in area positionad on the surtace of the veliicle and biased 0V
nogative with reogpect to the vehicle., This bius ottracts positive iowy
from the plasma, awd the rosulting ion current can be iunterpreted in
towus of un ewbient ifon/election density, It 18 important to note,
however, that o gtaiuless-gtecl plate tlluminated by the sun will omit
photoclections. These photovlectyons will be repelled by the negative
' potential on the probe, - The electronic systiem camiot distinguisb thia
photoeloctrie curront from true ion colleétton currvent, and undey condi-

tions of low ambient ion demsity, the plhiotoelectron curreut can be

oloost an ogder of wagnitude higher than the ion collaction current.
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By employing data regarding vehicle orientation with respect to the
sun, it was poasible to sort out ion current from photoelectron current,
This process is assisted by the fact that two ion probes were used in
the experiment, with one sensor on the opposite side of the vehicle
from the other. 1In this way, when one probe is in the sunlight, the

other is in the shadow of the wvehicle.

Very good agreement was obtained between measured values of photo-
electron current, and values predicted from recent laboratory experiments
using stainless-steel electrodes illuminated by an ultraviolet source.
The good agreement obtained between the measured ion-probe data and
accepted values of electrical parameters indicated that the ion-probe

gystem functioned properly throughout the flight.

Functioning of the field-meter systems was also checked by comparing
their 1ndication with the readings oxpocted in the plasma existing at the
vehicle altitude. Iw goneral, a body in the ionosphere collects negative
charge from tho ambient plasma, which tends to charge the vehicle to u
negative potential, Xf tho vehicle is illuminated by tho sun, photo-
electric emiss;on fyom the vobhicle generates o ¢urront tending to charge
the vehicle to a positiﬁe potential. In the ionosphere, thoe ioﬁ/olectron'
dengity 48 sufficiently high that electron vollection dowinutes and the
vohicle is uwegatively charged, As the vehicle c¢liwbs to on sttitude of
toughly an eurth vodius, the ombient ion/electron dunsity becomes
sufficiontly low that photoelectron emission dominates and the vehicle

becowos positively charged,

This beohavior of vehicle polarity was observed ou the fleld~meter
E-field channel. When the field meter was pointed at the sun, the currvent
donsity indicated on the field meter J-field channel wus in good agrecsent
with prodicted photoemission current from a gold suriace (the fivld-

meter vanes wore gold plated). -
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The charge flow to or from the vehicle results in an ion or electron
sheath about the vehicle acrosas which most of the voltage drop occurs.
This voltage drop across the sheath generastes an electric field at the
surface of the vehicle, This sheath field provided another opportunity

to verify the functioning of the field-meter system.

As was indicated above, the measured upper-ionosphere data are in
agreement with published values., Operntion of the main engines on the
transtage engine produced large changes in both jon~-probe and field-
meter readings. The character of ne field-meter readings was such that
it appeared to imdicate that exhaust products were being collected on

the vehicle surfaces.

Following the first transtage burn, the vchicle attitude~control

systom (ACS) was activated. OQperation of the ACS rocket motors could

be detoctad on both the ion-probe and field-meter systems. At synchronous~
orbit attitude, for example, tho ion-probe curront¢ was inereased hy a

factov of as wuch as 5 by the operation of the ACS jota.

These duts indicate that the oxhaust products from the ACS jots
diffupe to the vicinity of the vehicle where shey con debosxt on
veliicle suirfucos, 1£ the oxhaust products are wot beuign, theiyp
doposition on the vehicle surfaces con cause degredation 1w the perior-

aonce of gensors and opticual suriaces.

Undaer séhu condttions, it was uwot possible to completely expluiﬁ
the weasured dntn.in terms of expoectod smbiont ewvironment and theory
applicable to o coﬁplete;y contlucting vehicle., Yt was argued there thut
tha clectrically insulating thermal-control couting applivd 1 the surface
of the transtoge uiodifies the collection of curreat by the skin of the

vehicle.
At oibit oltitude, the electric field indicoted by the field meter
-is higher than cxpected, strictly on the busis of predicted vehicle _ B
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potentials, It appears that the high field-meter reading was caused by'

charge residing on suriface films near the field-meter sensor,

A particularly interesting development in the program was the

. detection of spinup-rocket-motor operation on the payload satellite

after it had separated from the transtage and was 12 to 18 ft away. The
spinup rocket activity was detected by SRI personnel as an unusual

event occurring at a particular time without a priori knowledge of the
spinup motor burn., The operation of this motor on the satellite caused
a 5-to-1 change in the ion-current reading of ion probe No, 2 on the
trungtage. The time history of the ion-probe current was indicated to
be in good agreement with the chamber-pressure variation normally

obzerved in a motor of this type.
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VII CONCLUSIONS

Tne Titan II1I experiments were successful in all respects, The
fiight instrumentation worked throughout the entire flight from the
liftoff phase to payload ejection, The experiments also generated a
variety of significant results, Of great interest is the fact that the
rocket appears to be connected to earth until it reaches an altitude of
650 ft. This means that the rocket is trailed by a highly conducting
plume 650 ft long., The presence of this plume is significant in many
gituations, It is important, for example, in making determinations of
the likelihood of lightning striking the rocket, A highly conducting
plume will also modify the way RY currents are distributed on a vehicle
immersed in an electromagnetic field. Such considerations are important

in determining vehicle susceptibility to noise and EMP signals,

The experiments indicate that, in the early stagos of the launch,
the rockot motors charge the vehicle to potentials of 100 to 200 kilo-
volts, Accordingly, coroha discharges can be expected from prominent
protrusions from the vehicle, At 1iftoff the ongine~charging current

wag 50 to 100 pA, with the vohicle charging nogatively on both flights,

At highor altitudes, the rockol motors serve to discharge the
vohicle so that high vehiclo potontials and corona discharvges (o not
ovcur during flight through precipitation, On the {light of Titan
I1IC-21, a precipitatien chorging curyrent of roughly 300 pA wgs discharged
by the action of the engines at potontials substantially below vehicle

corona threshold,

Procipitation charging of the fromtal surfaces does occuyr as in the

caso of aireraft., Tho chavging ratos meesurod on the Titan bre in good
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- agreement with aircraft data, For example, during flight through a

cloud at 20,000 ft altitude, the frontal-charging rate measured on

Titan IIIC~21 was 8 uA/ftz. Aircraft measurements indicate peak charging
currents of 5 to 10 uA/ftz in cirrus and 30 uA/ftz in heavy frontal snow.
Evidence of frictional charging by particles was present to altitudes

of 130 kft (where nacrecus clouds cccur),

Streamer discharges oz dielectric frontal surfaces of the Titan
were shown to occur, The characteristics of these discharges appear to
be in good agreement with aircraft experience. (It should be noted
that the frontal charging and the resulting streamers occur in spite of
the fact that the vehicle as a whole is at low potential as the result

of the rocket=motor discharging,)

The ground experiments conducted in connection with the launches
indicate that the electric fields in the vicinity of the launch pad are
so dominated by the charged clouds associated with the launch that
relying sololy on ground-field measurcments to infer the rocket's beoha-

vior is not likely to be fruitful,

During the ioncspheric portion of the flight, tho Titan instrumen-
tution provided datu in good general agreemont with acceptod values of

ueasured parametors such as ambient electron dongity and photoelectyic

omigsion. Theso moasurements served to demonstrate the propor functioning

6£ the instrumontation during this portion of the flight, The primaxy
purpose of the ingtrumentation, howover, was to measure electrostatic
proccsses'éccurrtng during the flight of a large oporational rocket, ¢
It way foﬁnd that each timo an ACS rocket was burncd, ion current
¢ollected by the ion probes increnged, This means that the ryockot-
oxhaugt constituents returned to the vicinity of the trvanstuge skin where
thoy wore collected by the probes, One of tho ACS motors appeared to _

produce u more pronocuncod offeot than did the others. This rvesult 1af}
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significant, since it means that rocket exhaust products do remain in

the vicinity of the vehicle where they can settle out on sensitive

instruments and optical surfaces. &

The field-meter data indicate that at synchronous-orbit altitude, i

substantial electric fields exist at the surface of the vehicle., These
fields can serve to alter the trajectories of charged particles in the i
vicinity of the vehicle, thereby modifying the rate at which surface j
contamination occurs, The presence of an electrically ingulating themal- %
controcl coating over the vehicle greatly complicate the interpretation :

of the interaction of the vehicle with tie plasma enviromment. f

An unexpected result of the tests was the demonstration that the :

ingtrumentation on the transtage was able to detect the operation of

spinup rockets on the payload satellites after the two vehicles were

R S P e i D e ot pae s oo ”
- A i I el e a e YA OL 22 s T q
- b N T Y i S T e o B T LY

separated by distance of at least 12 to 18 £t. Not only did the
ingtrumentation detect the occurvence of the burn, but it provided a

time signature of the spinup-rocket~chamber pressure, With suitable

calibraotion provedures, it should also be possible to infor something %
fi? about the size of romote ehgines being operated. This result is of :
interest in that 1t demongtyatos that simple, passive instiumontation
con be used for remwoto wonitoring and study of synchronoug-satellite

activity,

T I O e i I AR v e

: Finally, tho Titan XIX experimonts domousivatod that piggybock
- oxpovimonts on oporational vehicles can be conductod without in any

wiy couprowising tho primary mission, Such experimonts aro capable of

gonerating noodod information available in ue othey way,
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3 VIII RECOMMENDATIONS

The results of the flight experiments indicate that the Titan III

At T S S

E rocket at low altitudes behaves very much like an aircraft, but that

the detailed behavior is somewhat different. Operation of the engines

L SRR

j at liftoif charges the rocket to potentials of hundreds of thousands
| of volts. Accordingly, the gsame precautions regarding corona=discharge é
b- interforence applisd to aircraft should also be obseyved on the Titan
111, provided there are systems aboard the rocket susceptible to this

gort of interference,

Once the Titan reaches an altitude of 4000 {t, the engines no lomnger ;
chayge the vehicle, but begin to dct as dischargers, On Titan IYIC-~21,
the ongines dischurged precipitation charvging curvents of 300 pA while
holding the veliicle potential substantially below corona threshold.r
This wvosult means that, oxcept for the flight period up to 4000 £t

al titudo, coyona discharge noilse will not be a problem on the Titan I:IC.

Although tho eugines keop tho vehicle potential down to low valuos,
procipitation charging of fromtal surfaces will still oveouy. This weans
that nuny of the same procautions obsorved in airveraft design should be

applied to rocketa., Iuo purticulaf, care should be exercised to aveld

unbonded metal frontal surfacos, singe these will load to highly uwoisy
gpark digcharges from the unbondod moember to the adjacont wirframe.
1f sensitive systoms are caryied on the vehicle, pyovisions, such uos

the use of conductive surface coatings, should be made to climinute

Ve limdt e i G sz S Ay ] e e,

sticamering on diolectrde froutal surfuces,

Liftoif data indicate that the vohicle bohaves ags 11 it ware
olectrically conuocted to ground until it reacheos an altitude of 650 it,

-
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This result was interpreted to mean that the electrically conducting
portion of the exhaust plume is 650 £t long, Tnis result is significant
in connection with the establishment of launch rules for electrically
disturbed weather conditions, In estimating the likelihood that the
Titan III will trigger a lightning stroke, the 650-ft conducting-plume
length should be added to the length of the vehicle in defining the

dimensions of the triggering conductor inserted into the region of high

electric field,

Flight experiments on other vehicle types should he conducted to
determine plume lengths on other vehicle types., In particular, measure-
ments would be deairable onh liquid-fueled vehicles and on solid-fueled
vehicles having compositions differing greatly from that of the Titan

I1I sirap-on motors.

Additionsl experiments to define the RF characteristics of the
plume would be desirable because the presence oi the plume can markedly
affect the distribution of RF current on the vahicle and modify

susceptibility to EMF and other interfering electromagnetic signals,

The £light tests demonstrate that in the ionosphere a portion of
the plasma gonerated by rocket operation ramainsrin tho vicinity of the
vohicle, since rocket-motoy activity caused prowounced chongos in ion-
probe current, This meuns that operation of sonsitive sensors ox
optical surfaces aboord the vehicle can be altored by tho doposition of
engine-exhoust pyroducts, If such sensitive dovices are abonxd, care
should be taken eitheor to contiol the chavactor of the cngine efiluent

or to carofully diveet it awuy fvow the sonsitive roglons,

The ionospheric measurcments ulso indicute that substantinl
clectric ficlds exist 4n the vicinity of the skin at orbital altitude,
Such fields can nodify the flow of charged particles in the vicinity of

tho skin and cuusce them to doposit in undosireablo locutions on the
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vehicle. The presence of such fields should be considered in the design
of gsensitive long-life systems capable of being adversely affected by

the deposition of charged particles.

‘ At the time of satellite ejection, it was observed that the Titan
111 ingstrumentation detected the operation of the spinup rocket motors

on the satellites when they were at least 14 it away, and provided a

record similar to the time history of spinup-rocket chamber pressure,

This capability should be investigated and developed further since it

o

T

Y,

iy

provides a scheme for passive remote monitoring of engine activity on

aynchronous~orbit satellites. The Titan III experiments already demon-

D

strate that the time history of the engine buvrn can readily be obtained.
It should also be possible to infer information regarding probable

R T N

engine size from the measured electron-density change and the distance

to the satellite under observation,

Finally, it is recommended that the possibility of piggyback exper=-

o g A S, v e

iments be considered on future operational launches, Although there

£ are many sclentific experiments conducted on satellites and sounding
rockets, specifically dedicated to the experiment, it is also neceasary

; to perform measurements on operational vehicles., The work on operational
% vehicles is necessary to obtain engineering date appropriate to that
vehicle type or class. Such information is generally not generated

in purely scientific experiments,

L In planning a piggyback experiment, it is necessary to make clear
L ut the outset that the installation of the experiment wmust in no way
compronise the primary mission of the viliicle, This means that the
instrunentation must be designed and qualified to the same levels as

the prime payload, It algo means that the exporimenter will be restricted

i

CE regarding accoptablo sensor designs and locations, These restryictions

can gonorally bo met with o modest ndditioqul offovt devoted to the

oxpoxrimont design. -
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SIGN CONVENTIONS FOR YOLARITIES OF CURRENTS AND FIELDS
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Appendix A

SIGN CONVENTIONS FOR POLARITIES OF CURRENTS AND FIELDS

The sign conventions used in this report are those generally
observed by atmospheric electricians in describing currents and fields
observed at the surface of the earth in response to charges in the
atmosphere. The reason for adopting this convention here is that in
this program, fileld meters were used to measure fields observed on the
ground and on flight vehicles., Certain calibration procedures and ways
of thinking about the data have been developed in connection with the
usc of field meters, and it was felt that it would be safer to continue
these conventions here rather thnﬁ risk the confusion that might result

from instituting a new convention,

Besically, the fiold convention is as illustrated in Figure A-l{a).
Hcré, if apositive churge oxists above thﬁ'eurth, the atwospheyic
cleetriclian says that the earth's field is positive., This onables him
to sgsociate a positive field with positive charge overhead, The con-
vention of Figuro A-1(a) is opposite to the nowmal convention in which
a field is taken to be positive in the divection ia which a positive

chargo would move if jmmersed in the field. .

Extending this convention to the case of a field seter wounted on
a charged rocket, we find that we get o positive-field indication if
the outside world looks positive to the ficld meter, This khappoens whon

the rucket 15 negatively charged as shown in Figure A-1(b)

The sign convention regarding currvents is the wormal oue illustrated
in Figure A-1(c). Here a curvent 18 said to be positive if positive
charge 1s arriving on the sensor,
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FIGURE A-1  SIGN CONVENTIONS FOR CURRENTS AND FIELDS
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Appendix B

DETAILS OF GROUND FIELD-MEASUREMENT DATA

1, Titan I11C-20

The Titan IIIC ground instrumentation array was described in Section
II-BC

Data generated by the array during the launch of Titan IXIC-20 ave
stiown in Figure B-1., Good data Qere obtalned at all sites except for
10~-to~-15-s intervels of signal saturation at the flame-trench site, D,
and the track by tower site, A, It is of inierest to analyze the ground-
hased data to undevstand clectrification processes occurring during
12un~2 und in particulay to determine the degree to which the grouand

fieclds ave produced by the prosence of the charged rocket in the lauanch

avea or by charges in the launch-associatod exhuust clouds,

Buildup of oxhoust clouds up the wmbilical tower, along the flawe
trvonch, and at right angles to the flame tronnh duriug the C-20 launch
is illustrated in Figuro B«2, During liftoff, the contral oxhauSt.
cloud uloig the umbilical tower varios in héight from bolow the rocket
nose to near the top of the tower., The cloud extending castward along
the flame trench is wnearly as high, After the téps of theAéelid. strﬁp-hnﬂ
wotors puss tho top of the tower at SRE '+ 3.4 8, launch-asscciatod
clouds diffuse fyom the contyal cloud in u southerly dircotion towaxd
ficld-moter sitos A, H, and € {(see Figure B-1), and aulso iAn the novtherly
divoction, At SRM + 6.1 g (0743:07.34 ON1), coxhaust clouds extend
throughout the ground area ﬁiewed by the camora. Peak fields o&cur
afccr thié time at all sites except for initial poaks at the flame-tronch’

gite and vn the umbilical toqer.
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The launch-tower field-meter data (to the time the motors reached.
the top of the tower) can be interpreted to indicate that a negacively
charged body passed the top of the tower. This is in agreement with the
onboard instrumentation, which indicated that the rocket acquired negative
charge at liftoff, The peak field of -2 kV/m at 0743:06 GMT occurs when
the rocket passes the top of the tower and the rocket motors emerge
from the launch-associated cloud at the tower. Unfortunately, the central
exhaust cloud, which is probably charged, extends to the field-meter
height at this time and could also contribute to the measured electric
field, It will be interesting, therefore, toc compare rocket potential
inferred from the launch~tower field with the potential inferred from

the onboard-field-meter readings.

The relationghip between vehicle potential V and electric field E at
the launch-tower field-meter position was determined using the setup of
Figure B-3(a)., Here a model of the tower is placed on the floor of the
laboratory, and provisions are made to charge a model of the Titan III,
which can be positioned at various heightﬂ’above'ground along the
trajectory followed during liftoff, Charge~transfer measurements ol E
at the scaled launch-tower field-meter location and at the onboard field-
meter location are made as the rocket model is moved past the tower,

The results of this measurement are shown in Figure B-3(b), Combining
the data of Figure B-3(b) with the launch-tower field measurements of
Figure B-1 yields the inferred rocket potential shown in Figure B4,

lso shown for comparison in Figure B-4 is the rocket.potential measured
by the onboard field meter (replotted from Figure 10). From an inspec-
tion of Figure B-4, one must conclude that the launch-tower field-meter
vecord i8 representative of the rocket potential, but that it is modified
by the presence of the launch clouds. In particular, the apparent peak
in rocket putential at 0743:02,3 probably is caused by charge on the

exhaust cloud that rises up along the launch tower during the early part
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of the launch. Any field generated by such a cloud early in the launch
is highly weighted in terms of equivalent rocket potential, since at
this time E/V is low [E/V < 0.02 m © for nozzle heights up to 20 ft--see
Figure B-3(b) ], so that a small field is interpreted as a large potential,
Once the rocket nozzles reach an altitude of 50 ft or more, the tower
field meter couples more strongly to charge on the rocket, and the tower
field-meter data are more representative of the true rocket potential.
Once the nozzles reach the top of the tower, the tower mill data become
unreliable because the exhaust products envelop the top of the tower.

In view of the above arguments, it appears that the tower-top measure-
ment of rocket potential is most reliable in the range 50 to 170 ft,
rocket nozzle height, From Figure B-4 we see that, in this range, the
potential inferrsd from the tower data is in best agreement with the
potential inferred from the onboard field meter. TFrom these arguments
we may also conclude that in the case of a rocket such as the Saturn,
wilch does not produce clouds rising along the tower, a launch-tower
field measurement should provide a good estimate of vehicle potential

as the rocket is passing the tower.

The flame trench data of Figure B-1 indicate that negatively

charged exhaust products reached the vicinity of the field meter immed-

lately after SRM ignition. Some consideration should be given to the

fact that although the rocket charged negatively, indicating that the

exhaust gases leaving the rocket were positively charged, the flame-trench
% effluent is negatively charged. The mcst plausible explanation is that
although the exhaust as it leaves the rucket may be slightly positively
charged, it subsequently strikes the exhaust trench where it erodes
the concrete surface causing electrificatioun to occur. The exhaust also
can pick up charge by interacting with water from the deluge in the

exhaust trench. This interaction with material in the trench evidently
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produces negative charging that completely overwhelms the initial

positive charge in the rocket exhaust,

The time history of the records at the remaining ground fieid-meter
locations argues that the fields in the vicinity of the launch pad are
generated by'charge on the exhaust clouds rather than by charge on the
rocket, TFor example, the field at Site C does not reach its maximum
until the rocket potential shown in the bottom of Figure B-1 for reference
has raached zero, A more detailled examination of the electric-field
behavior in relation to vehicle charge is also of interest. To estimate
the fields a charged rocket would produce along the ground, one can
consider the field E produced at the surface of a ground plane by a charged

body located a distance h above the ground plane as given by

e 4530 o +:2) 2 -
where
Q@ = Charge on body
6, = 8.85X 107 §/m
v = Distance from lautich point to measurement point,

H,

19
Tor a body carrying constant charge, the field E is maximum when %ﬂ = 0,

Carrying out the differentiation gives B when h = r//2, For this

value of h, the maximum value of the field is

=

(B~2)

©
e
o

E
max
’ e . ¢

1f fields along the ground are induced by the charged rocket and
Eq. (B-1) is applied, peak fields should occur at approximately the
following times:
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Site : Time {(GMT)

Track by tower (A) 0743:06

Guard gate (B) 0743:08
Outside fence (C) 0748:10
Flame trench (D) 0743:07

Initial peaks in the Site D (Flame trench) field between 0743:03 and
0743:06,5 and the Site A (Track by tower) field at 0743:08 could possibly
be induced by the charged rocket. However, peak fields at the ground
sites for times exceeding 0743:09.5 are not consistent with the physical
picture. The source of initial peaks in the Site~D field and in the
Site-A field is further complicated in that exhaust clouds that are

probably charged exist in the flame trench and up the tower at liftoff,

Because launch-associated exhaust clouds, which are probably charged,
extend past the top of the tower and throughout the immediate area after
about 0743:05 (see Figure B-1 for SRM + 6,1 s), following this time the
umbilical~tower field, and the fields along ground, are probably induced
by charge distributions resilding in these high~rising exhaust clouds,
Although it would be intellectually satisfying to be able to account for
all of the details of the variations in the various field-meter readings,
such a calculation would be time-consuming and of marginal utility, It
would be necessary to follow the development and motion of each of the
clouds and to assign charge densities to the various regiongs. Physical
arguments would have to be devised to account for variations in polarity
and charge magnitude. The result would be an extremely detailed pilcture
of the electrification of a highly specialized cloud system, Accordingly,

such an analysis was not undertaken,

Disregarding the inconsistencies between the time history of the

field records and the simple model of a highly charged rocket climbing
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cut of the launch area, it is interesting to estimate the charge the
vehicle would have to carry to generate such fields. For example, at )
Site B (610 ft from the pad) a maximum field of 6.4 kV/m occurs roughly
20 s after SRM ignition, At this time the rocket altitude is roughly
3,000 ft, Rewriting Eq, (B~1) as
3/2

2 2
h + r)
Q = 4neOE b (B-3)

on substituting numerical values we find Q = 0,625 coulomb. Since the

vehicle capacitance C iz 1000 pF, this value of charge implies a vehicle
— 6 .

potential of V = Q/C =625 x 10 V, This potential is several orders of

maguitude higher than the highest potential measured on the vehicle,

Ignoring time history even further, and arguing that the vehicle is
at h = »//2 when Emax occurs, so that Eq. (B-2) applies, it is interesting
to calculate the implied vehicle potential. Solving Eq. (B-2) for Q

we obtain

2 nl
Q = 3/3 me.r Ema . (B=-4)

0 X

Substituting values applying to the Site B field meter we find Q@ = 3,2 X 10"2
6
coulomb. This charge implies a vehicle potential of 32 X 10 V. This

R S T AN

potential also is several orders of magnitude higher than the highest
potential meesured on the vehicle, It appears, therefore, that there is
no way in which the charged vehicle could have generated by itself the
electric 'field variations measured iu the vicinity of the pad duriag the

launch of Titan IIXC~20.

2, Titan IIIC-2{

The ground data fran the Titan [IIC-21 launch are shown in Figure

B-5, Good data were obtained at all sites except Site C (outside of

e s T I 1R S e
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fence), where the strip~chort recorder malfunctioned, Charging is seen
to be similar to that obtoined during the C-20 launch, Agoin the launch-
tower field-meter recoxd up to 6 s aftor SRM ignition is consistent with
a negatively charged body moving by. The behavior of the rest of the
field moters indicetes that again the exhaust clouds were negatively
charged. The fields associated with the launch of C-21 arve roughly

half those observed on C«20. Again, the tiwe history of the gfound recoxds
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argues that they are not generated by charge on the rocket vshicle, since
the field at Site B, for example, reaches its peak considerably after

the rocket potential has peaked,

Figure B-6 shows the rocket potential as inferred from the launch
towey compared with the rocket potential inferred from the onboard field
meter, As was indicated in connection with the discussion of Figure 11
in the main text, there is no obvious physical explanation for the initial
positive excursion in rocket potential indicated by the rocket~borne
field-meter data. It is very likely, therefore, that the rocket poten-
tial in Figure B~6 inferred from the launch=tower field-meter record is
more nearly correct (for the 50=to~170-ft altitude regime) and that the

rocket potential remained less than =20 kV while the rocket passed

the tower.

Launch-cloud buildup during the C~21 launch is shown in Figure B=7.
Clouds are seen to envelop the launch tower 4 s aftor SRM ignition
(about 0309:09), At SmM + 7 8, clouds in tho avea are compavable to the
height of the umbilical tower, Comparing Figures B-2 and B-7, launch
cloud structure during the C-21 launch is seeh to be similar to cloud

structure during the C-20 launch,

For the electric field along tho ground to be induced by the C~21
rocket charged to a constant potontial, pouk fields would bo observed at

Sito Timo (GMT)
Track by tower (A) 0309:10
Guard gate (B) 0309:12
¥Flame trouch (D) 0309:11

Since peak fields do not occur at these timos onc must assume that this
simple model is incorroct, and that chargos in the exhaust clouds are

the source of fields as was argued for tho C-20 launch,

86

- N

B L P AT ]




R R B Y g e A T NI B L S R

]

kv

ROCKET
FIELD
METER ]

0 A
\ V
TOWER % ~
N

20 }— FIELD
METER 7]

ROCKET POTENTIAL

BRIt e .

0 1 |

160 |— —
140 |— -
120 - —

100 |~ —

Ly

GC"‘“- - o

ROCKET-NOZZLE HEIGHT — &2

ol- N
20 —
o | 1

o308:00 - 0308:08 0308: 10 0300: 16
¢ : TIME, GMY
TA-8428-30

v FIGURE B-6 TITAN NIC-21 POTENTIAL INFERRED FROM LAUNCH-TOWER FIELD
MEASUREMENTS AND FROM ROCKET-BORNE FIELD METER

Ynm i aay e

e,
%

B

87

s R ST SR, T TSI IS N WS 0 teos e o e




HONNOVT ONIMNA dNaTiNg GROTIO-LSNVHXI 12-311 NV1iL (-8 34nN9Did

TIPS TR

LE-8Z¥8-v1

88

e et

s

:ia%ad.%}»«&x»d‘%ﬁ SRR
. AT AL N




Comparison of ground fields for the two launches is easiest at the
guard-gate site (B), Similar and smooph_field‘variations were recorded
for both launches. During the C-ZOllaunch a peak field of =6 kV/m was
obtained about 22 s after SRM ignition, During the C-21 launch, a peak
field of -2 kV/m was obtained also at about 22 s after SRM ignition,
Additionally, the 90% decay times of the two fields are about 70 s after
SRM ignition.

Peak electric fields at Site A also occurred at approximately

~ the same times after SRM ignition--e.g., 10 to 22 s for both the C-20
launch and the C-21 launch, Momentayy reversals of charging occurred
on both lounches 26 5 after SRM ignition. Erratic variations in field
intensity occurred during the period of peak oclectyic field during the
C=21 launch, (This data period was saturatod for ﬁhg C=20 ieangh,)
Those orratic fiold variations indicateo exrvatic charge structure in the

clouds genorated during tho launch.

Peaks in tho data at Site D (Flame troanch) also ocecurred at about
tho same timos after SRM ignitieom for both iaunchos--o,g., hctchu 2 and
6 9 and botwoon 12 and 20 s for the C-20 launch and ot about 2 8 and
between 11 and 17 s for the C-21 launch, The erratic field bobavier at
the flume-tronch site olso mefleets ervatic charge gstructure in exhaust
c¢louds, probably the cloud im the flame trvench, DBipolar charxging scen

at 0309:34 for the C-21 launch wus not measured fox tho C-20 luunch.

3. Compoarison with Apollo Data

Yoy compoaryison, the rosults of SRI ground £i0ld moasurcmonts
during the launches of Apollo 13 und 14 are ryeproduced fyom Ref, 9 in
Figures B=-8 and B-9, Tho Apollo groutid field-uotor arrangemont was
similar to that ocmployed for tho Titan oxperiments and 13 shown in

Figure 9,

89




1200 — —

1000 |— -
g 800 — APOLLO 13 —_—
B 600 +— CAMERA PAD &
3 o
u
& 200

.
200

8 DRI IR L R A S R A N A B
; N o - A APOLLO 13 .
3 4 CAMERA PAD 4 —
-
|2 f- -
[a]
-
- -2 . ey
abo oo My L g L g
00:00 6100 02:00 03:00
MG ARTER IGNITION s minutesstscorice

Ta-8a28-32
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Three exhaust clouds were obsevved during the Apollo 13 and 14
launches; one along the south flame trench, anotheor along the north flame
trench, and the third agsociared with the watey spray along the usbilicoel
tower. A8 with the Titan field dota, the Apollo duty after the Satury
lenves the towey area 1s attributed to launch-cloud chorge diatributions.

A comparison of the Apollo and Titan data iy wseful because o 1u-f11ght’
rovket-potontinl-ueasuring instruments wore carvied on the Apollo vehicles,
‘and because the Apollo (liquid-fucled) and Titan (solld-fucled) way - -
oxhibit differont charglng characteristics on the vohicles thomselves us

woll as on tho ground and on the umbilical towors.
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The clectrostatic~field revonds for the Apollo 13 launch sye shoun

(This launcl oecurved on a clear'day.) The fiedd at

comora pad 5 (inteuded to not coupled strougly to the flase-trench
of fluent) smoothly vises to a peak of 1.2 kV/u, 25 9 after sguition.

The polarity reverses 80 u after ignition, thom the Field reaches a peak

pud 4 (intended to coupled strongly to the south flome trench effluent)

18 scen to be orratic with o pesk positive value of 7 kV/m, 24 8 after

Both fields beforxe ignition ure comparable to the carth's

N1

The fivld at cowora



static electric field, normally +100 to +300 V/m on a fair day. Charging

activity is seen to be affecting the camera pad 5 field data, 2 minutes f

after ignition,

Electrostatic-field data for the Apollo 14 launch are shown in Figure
B-9 (the launch occurred on a cloudy day)., Fairly smooth positive field R
changes occur after 1iftoff at the crawlerway, slidewire, and camera pad
5 sites, Positive field changes indicate that predominantly positive
exhaust clouds were generated by the launch, whereas,vnggatively charged
clouds were observed in the Titan experiments. There is evidence in
the Apolio ground data (discussed in Ref. 9) for the existence of diff-

erent charge polarities.

Ths launch-umbilical-tower (LUT) field meter indicates a positive
field change zceowpenying liftoff, indicating that the engines charged
the Apollo'iénwehiggﬁ positively. (It will be recalled that both Titans .
charged negatively.) At the time the engines reach the field meter, the
measured field magnitude indicates that the rocket potential 1is less .
than 6000 V, This result is in good agreement with the Titan experiments
in which it was argued that the rocket potential remained relatively low
until the rocket plwne broke centact with the ground, As stated earlier,

£

1 -
Uman's work ° indicates that the Apollo rocket plume is a good conductor

to a length of §25 ft,

For comparison of Apollo 13 and 14 data, the field~-meter records
obtained at camera pad 5 on the two launches are shown in Figure B-10,
The peak field on Apollo 14 is one-sixth that obtained during the Apollo
13 launch, The Apollo 13 field is bipolar while the Apollo 14 field is '
positive, Data from the New Mexico Institute of Mining and Technology |
(N\MI) field-meter instellation at the air intake near camera pad 5 is
also shown in Figure B-10 for the Apollo 14 launch. The NMI intake and the .

SRI campera pad § records are in reasonable agreement.
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In comparing Titan and ipollo data, the liguid-fuesled Saturn

. booster used in the Apollo launches is seepn to generate essentially

'posiiive charging and poeitive electric fields, while the Titan bocster

genevates essentislly megative charging and negetive electric fields,
Pesk field changes for Titen and Apollo launches are plotted in Figure

B-11 as a “unction of distance from the launch pad. "Also shown in the

- figure are lines showing 1/r3 and 1/r variation5‘o£>?ield. Itfia
‘difficult to generalize from these dsta beyqéd-obsérving that, far from
V'the,pad, the fields fali off with distance more slow;y-than they do -near
:the'pad. Also, it is apparent that the differences in the data onainedf'

from successive lauuches of the éame vehicle: are as great as the

differences among data obtained from vehicles of different types.
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Appendix C

LANGMUIR~ION~-PROBE ANALYSIS

An order-of-magnitude estimate of ion density can be obtained by
observing that during C-20 and C-21 flights the principal flow~field
velocity is parallel to the probe surfaces, The flow-field velocity into
ion probe No. 1 and away from probe No. 2 at synchronous~orbit altitude
is a few hundred feet per second. This velocity is much less than the
flow-field ion velocities of about 25,000 ft/s, Since the body size is
less than the mean free path for all altitudes following the brief
period when the probe is first exposed, the analysis can ignore

collisions.

The geometyy of the analysis is shown in Figure C-1,

TA-8428-34

FIGURE C-1  ION-PROBE GEOMETRY

Particles are assumed to enter the field of the probe abruptly at
x = 0, They are pulled into the probe by the noimmal fiéld. Al) particlos
are collected that enter below n dimension ylrsuch that the pnrtiéles _;'7-
that entor at yi reach . the probe surface at L, the probe length, " At

distanco greater thun Yy particles miss the probo,nnd‘a:e nnt:cpliected.:fn1f
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The probe current is thus

Y1
1 = / eNU dy dz S (c-1)
0
where
N = lon density
U = Parallel velocity
z = Transverse dimension.

We assume that N and U are constant with y and z are are equal to

their free~stream values so that we can write

I = eNV_ Ve, (C=2)

To estimate y 1 we agssume that the Debye length and probe potential
are such that the potential is unaffected by space charge out to Yy

This is consistent with the inferred values of charge density, An ion ' R

.
C b
‘.“ E
.
. 4
':

falling through a potenttal drop of V volts will have a terminal velocity

G e

v, of about 1.4 X 10? /V /s for u* 1ons. y, can be found by taking

S o S

' this velocity ond multiplying 1t by tho time it takes a particlo to flow
“across the probe duc to the flow-ficld velocity, This. time is

L

T, = - (C=53)
T U o
so that
m - - ..
' The potential drop fxom yl to the probo surface may unot be the full . ’

- probe potential, but for purposes’ oiven.t'mntion we shnll_'tnuajit.'u:_v.'

Thexrefose,
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I = eN Lv z . ) (c-5)
® - g '

Note that the free-stream velocity cancels out, :Since Lzl = probe

area (Ap), we may write

1 = eN v A , (C-6)
® a p
where
N°° = Free-stream charge density
e = electron charge
va = 1,4 X 104 Vpé = lon velocity for extremum particles entering at y1
Ap = Probe area.

For a probe area of 137 cm2 the charged-particle density is related

to ion current as -

10 3 . :
N » 10 I ¢l/cm fI in amperes) c~7)

ussuming that tho measurement is made at an altitude when H+ i8 the

: 21
dominont ion, - Johnson - indicates tho altitude regimes in which ion
composition changos, This information hos beon used to calculate Va for

tho dominant specios and to modify Eq. (C=7) appropriately. The rosultis

" of theso valculations are shown. in Tablo C-1, which shows the electron-

donsityrequntton_nnﬁropriﬂte-for each altitude vegime,’
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Table C~1

ELECTRON DENSITY EXPRESSICNS FOR VARIOUS ALTITUDES

Altitude
(ft)

Altitude
(nmi)

Ion Type

Mass

Ne
(cm )

3 X 106 t0 6.2 X 106

> 6.2 X 106

<3X106

> 1020
493 to 1020
< 493

18

10 *
‘1001
2 x 1000 1

4 X 1010 1

*
I

= probe current
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Appendix D

DETAILS OF FLIGHT DATA IN UPPER IONOSPHERE

.1, General

During the upper-ionospheric portion of the Titan IXIC flights, data

were obtained from the field meter (electric field and ion current demnsity)

and from the two ion probes. The readings of these instruments were
strongly affected by the operation of the attitude-control=system (ACS)

rockets, The locations of the static-electrification instrumentation

. asensors and the AC3 rockets on the rocket transtage are shown in Figuve

D=1. 1t is evidont from the figuxe that there is e greant difference in

the positioning of the various rocket motors with respect to g perticular

sensor, Also, the exhausts of some of the rockets are directed along the-

vehicle roll axis, whercas tho exhausts of others are directodfqlcng»thc

circumforonce of the vehicle, Accovdingly, it is reasonsble tﬁ”expaétﬂ%j>i~

that there will be R groat vardiation in tho dogroe to which diifufenﬁ.

_ ACS motors affect a particular seusor, . a , ,y'”

In the uppey 1onosphe"a, the ordemtation of the vehiclo with rgsp@e

to the sun is of groat importance in determining the s sengor. 9ignal, vkotﬁ_; ,

oxomple, when o sensor surfaco 18 illwsinated by the sun.‘photueléetric-

current is emitted from the seusor, Such eurrent can be migiuteypvégeﬂ"

ag an incoming positive ion evwvyent, To assist in the inﬁeryruﬁutionrbf‘ L

 the flight reaults, sun-ovientution data weye made uvnilublu to Sﬁ! for AR

discrete times corrosponding to the occurvonee of speeific uvcnts nn T*

. the rocket duving 10uosphor1u~flight. The orientation is 51vun &m turmu

of o cone angle ond o clock anglo. The cone angle is the ungle tho‘

‘1nsolution veator (the vautor frou the volitele to the sun) makes wi@h_thQIA_:
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vehicle negative (aft) roll axis as shown at the bottom of Figure D-1,
The clock angle is the roll angle between the projection of the insolation
vector in- the roll plane and the positive pitch axis, Positive is

measured clockwise from the positive pitch axis looking aft (see Figure

D~1).

Following the above convention, probc No, 1 is within the hemisphere
illuminated by the sun for clock angles between -1035° and 75°, Ion
probe No. 2 is within the sun-illuminated hemisphere for clock angles
from 75° to 255°, However when the insolation vector approaches nomal
incidence to the roll axis (cone angles about 75° to 105°), ion probe
No. 1 will be shaded by the yaw-left ACS jets 10 and 11 for clock angles
between about 55° and 75°, and ion probe No. 2 will be shadded by the
yaw=right ACS jets 4 and 5 for clock angles between 235° and 255°, The
field meter will be illuminated by the sun for all clock angles in the

hemisphere between 44° and 224°,

In reviewing and interpreting the field-meter data from the upprer-
ionosphere portiun of the flight, it is important to recail that the
field-meter design was dictated largely by the requirement that the
field-meter function during the liftoff phase of the flight. 7To minimize
supersonic airflow loading of the field-meter vanes, the entire vane
assembly was recessed below the surface of the skin. This recessed
design means that the magnitude of the electric field existing on the
gensor vane is only a small fraction of the ambient field at the vehicle
skin (of the order of 1/10 the skin field). For normal operation of the
field meter in an un-ionized medium, the actual wvalue of the field at
the sensor vane is immaterial (because of f£ringing effects, the field is
not constant over the vane). This is so, because the field meter is
calibrated by generating a known fiocld intensity cver the vehicle skin
and measuring the field-meter output. When the field meter is operated -

in a plasma, however, the plasun sheath (the regipnvnf,uonzeroA
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electric field) conforms- generally to the shape of the conductor about
which it exists. Thus, the sheath penetrates into the recessed portion

of the field meter, with the result that, particularly for a thin

-

sheath, the magnitude of the field on the sensor vane is more nearly equal
to the magnitude of the field over the skin. Thus, if one uses the
nomal sea=level field calibration to interpret plasma-sheath fields,
the inferred field will be considerably higher than the actual sheath
field., The sheath thickness and the degree to which the sheath penetrates
into the field-meter recess depends on the plasma characteristics, and
mnust bé determined experimentally for a geometry as complex as that of
the field-meter vane structure.

It was not possible to carry out plasma simulations on the present
program, sc that the degree to which inferred fiéidahdiffer from the
true sheath field is not known., It ig planned, however, that, as part
of the satellite experiment discussed in Appendix E, the satellite field-
meter will be operated and calibrated in a laboratory plasma pf known

characieristics,

2, Titan IIIC-20 Dats

a, 8C to 150 nmi Altitude

As was indicated in Section I11-A, telemetered flight data
.were received in real time during six telemetry windows, each roughly
10 minutes long, occurring at critical times during.the flight. Data
from such a window when the vehicle is in the altitude regime 80 to
1560 nmi are shown in Figure D=2, It is evident from the activity log
in the figure that considerable engine activity occurred duritg most of
this window, so that the electron density in the'vicinity of the vehicle
| may be expected to be perturbed by the presrcnr~a o0f the exhoust products.
It is interesting, howover, to compare the ..e.sured electron densities

- at the boginving of the window (before appreciable rocket-motor activity "
' 108
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occurred) with nominal values of electron density affthis altitude., For
example, at 0804, the No, 2 ion-probe current is 4 X 1()“7 A. From
Appeundix C, for this altitude we find that Eq. (5)>still applies, which
means that the electron demnsity is 1.6 X 104 el/cms. At this same time,
the No, 1 ion probe indicates an electron density of 7.2 X 104; From
Figure 17, we find that ‘the nominal electron density at an altitude of
‘J_Soinmi rangeg.from_los'for night conditions to 3 Xl-lo4 for daylight-
conditions, Thus the electron density measured;on'thg Titan IIIC is in
reasonable agreement with nﬁminal values. V
With these verifications of the functioning of the instrumen-
tation cut of fhe way, it is interesting to return to the data of Figure
D-2. Operation of the ACS rockets and burning of the tranastage engine
both have a pronounced effect on:the ion~-probe current, The ionized
engine exhaust increasés the electron and ion density in the vicinity
of the vehicle, with the result that the current in both probe channels
reaches saturation by the end of the burn, The reason for the difference
in the detailed behavior of probes 1 and 2 during the transtage burn is
not clear. The field meter is also affected by the rocket-motor activity
“during this telemetry window, It is interesting to note in passing that
terminating the transtage burn produced a greater effect on the field
meteor than did the actual burn. Although these results are interesting,
it was not felt that any effort to make an analysis of the detailed

1nterre;ationships‘during periods of engine operation would be worthwhile.

b, 310 to 450 nmi Altitude

Data from the 310-to-450-mmi flight regime are shown iu Figure
D=3, A striking feature of this record is the constant, 0.5 ud, ion |
probe No, 2 current, Since this probe is in the sun-illuminated hemisphere
throughout the period of this record, it is interesting to iavestigate

whether the measured current can be -ascribed to photoemission from:the -
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probe element. ¥From Ref, 22 we find, for stainless steel, that the
integrated photoelectron flux under solar irradiation is 2.4 X 10-'9 A/cmz.
Since the area of the Langmuir-probe electrode was 137 cmz, the probe
current one would predict on the basis of photoelectric emission is

137 (2.4 x 10~9) = 0,33 JA., Thus, although the measured probe current

is somewhat higher than the predicted photoelectric current, the agree=-
ment is sufficiently good that it is reasonable to conclude that the ion

probe No. 2 current resulted from photoelectric emission,

PR TAR e RO RN

The ion-current-density 'J-field" channel field-meter data can
also be interpreted as being indicative of photoelectric current emission

? from the field-meter vanes. Prior to the beginning of the record, the

clock angle of the insolation vector is greater than 224° so that the
field meter is in the hemisphere shaded from the sun, As the clock

angle decreases below 224°, the field meter becomes progressively more
exposed to the sun, and the field-meter current-density channel indicates

progressively increasing positive charge arriving on the stator vanes

A R SR NG AR SR R A e

o
B

(or negative charge leaving), The current density increases to a maximum

Pl

value of 3 X 10"5 A/m2 =3 X 10"'9 A/cm2 at time 0837, From Ref, 22 we

find that for gold (the field-meter vanes were gold-plated) the integrated

photoelectron flux for solar irradiation is 2,9 X 10"9 A/cmz. 8ince the

measured current density is in egreement with the predicted photoelectron
~flux, it appears that the J=-field reading from 0837 to 0841 GMT can be

attributed to photoslientric emigsion from the field-meter stator vanes,

At 0841 the vehicle is maneuvered to shield the field meter from the sun

and the photoelectric current decreases,

Next, it is interesting to compare the electrom density inferved
from the ion probe No, 3 current with othor electron-dengity measurements
ot this altitude. The probe current varies from a maximum of 0,09 pA at

the beginning of the window to a tinimum of 0,U: YA during the period

0837 to (838 GMT, From Appendix C, we find that Eq, (6) for electrom
112




. regimo. Starting ot 1020 in this record, the ion probe No. 2 current

density is valid at this ~ltitude, which means that the electron density - o §
varies from 1,6 X 103 to 3.6 X 103 el/cma. This range of densities : :W
compares well with the data of Ref. 23 where electron densities at this
altitude range from 1 to 5 X 103 el/cm3 depending on the particular

orbit chosen for consideration,

The electric field during the telemetry window of Figure D-3
varies both in magnitude and polarity. At the beginning of the record at
0836:20 the field is zero, indicating zero potential on the vehicle.
By 0837 the field has increased to 1 kV/m, with the vehicle negative. o
At 0841 the field changes sign following vehicle reorientation, Since
the E=field variation is similar to the J-field variation, it is tempting
to attribute the E-field readings to imperfect isolation between the E-
and J-field channels, Later on in the flight, however, the two channels
of the field meter do not change in unison, so that this crosstalk
explanation is not valid. Accordingly, it must be assumed that the
indications of true electric field at the surface of the vehicle must be

accepted as real,

Returning again to the data in Figure D=3, it is evident that
there are numerous transient changes in ion probe No, 1 current coincident
with transient changes in field-meter indications (both E~ and J~field), .

These transients are undoubtedly associated with ACS rocket activity

connocted with vehicle maneuvering to achieve proper orientation during
the telometry window, Unfortunately, no record of ACS chamber pressure-,
was made available for the Titan IIIC-20 flight, so it is not possible
to identify individual transients with individual rocket fivings,

¢, 1350 to 1420 nmi Altitude

The data in Figure D~4 are from the 1350-t0o-1420 nmi altitude

remning virtually constant aud sufficiently~high in magnitude that it 15.7'
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not affected by the changes in ambient ionization caused by ACS motor
activity., The value of the current, 0.4 pA, is in good agreement with
the 0,33-pA photoelectric current predicted for a stainless-~steel sheet
137 cm2 in area (see discussion in connection with Figure D-3), 1Ion

probe No, 2 is illuminated by the sun throughout this period.

The ~ 2,5 X 10™% A/n” value of the "J-field" chanmel indication
starting at 1020 (when the field meter was exposed to the sun) is alsc
in reasonable agreement with the 2;9 X 10“9 A/cm2 photoelectron flux
predicted for -old under solar irradiation (see discussion in connection
with Figure D=3). This current is zero from 1025 on, when the field

meter is shielded from the sun.

During the portion of the flight illustrated in Figure D=4,
ion probe No. 1 is shielded fram the sun so that it indicates ambient ion
density. From Appendix C, we find that, for this altitude regime, ion

density N is related to the ion-probe current I by

N = 1010 I el/cm3 . (D-4)
Applying this relationship to the ion probe No. 1 current, I = 10—8 A,
in Figure D=4, wo obtain N = 1010 (10—8) = 100 ol/cma. This number is
an order of magnitude smaller than the values commonly expected at this
altitude in the eguatorial plane.21 Motuura and Oudoh do réport olectron
dongities as low asg o 200 el/cm3 ot this altitude, but thair low dohsities
wore weasured at latitudes above 609.24 Why tho meosurod election density
should be lower than expsoted is not evident. It should ke observed in
this regord that tho field meter indicates that the vehiclo polayity ia
positive throughbut tho poriod of time covered ﬁy»Fieuro D~4, (This
thngcAtn vohicle polnrity.ierconaigtent with the incroased inportunce
of photoolectron emission at the highor nlt:itudes.)25 Posi tive chaxge

on the vehiocle could tend to drive positive ious sway fras the vehicle
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and reduce ion-probe current, Aside from. periods of ACS activity,
however, the probe No., 1 current remains constant irrespective of changes
in field-meter reading, It is possible, of course, that some of the
variation in indicated electric-field magnitude may stem from changes in
details of the plasma structure in the vicinity of the field-meter
sensor as the vehicle maneuvers, and not result from actual changes in

vehicle potential.

Ion probe No, 1 current exhibits pulse excursions to values
roughly twice that of the normal current, At the time of the probe-
current pulses there are accompanying pulses in readings of both field-
meter channels. These pulses are associated with the operation of ACS
rockets on the Titan vehicle. This result means that the efflux from
the ACS rockets generates an electron density of roughly 100 el/cm3 at

the ion=-probe location,

Reviewing the "E-field" record in Figure D=4, we observe that
for insolation vector cleck angles greonter than rodghly 220°, when the
fiold meter is shielded from the sun, the electric field is 100 V/m or
less, (The field~metor system used on the Titan vehicles was deliberately
made insonsitive to make cevtain ﬂadt it did not overlood ﬁnder tribo~
alecivic charging conditions during flight prceipitaeion.a Accoxdingly,
fiolds less than = 500 V/ﬁ cannot be read with great ‘accuyacy.) At' 4
other times, when the field motor is illuminnted by the sui, tho E-fi01d

indication 18 roughly 1 kV/m,with_thé,vehiclo,positivc. _ '

d, 1838 mmi Altitude

Data obtained from the Titan ITIC-20 rocket at en oititude of
1835 uni are shown i Figure D~6, The ‘récoxds of sensor output and sun
dirvection ase very similay to those obderved in Figuve De4, Througliout

the period of the tolowetry window, ion probe No. 2 19 exposed to the sun
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and indicates photoelectron current during most of the period, Why the
current increased by 25% at 1306, is not clear., From the ion probe No, 1
record, it is evident that a long ACS burn occurred at this time, and
may have deposited material on the Nu, 2 ion probe sensor that‘chauged
its photoemission characteristics, Ion probe No. 1 is shielded from the
sun throughout the telemetry window and indicates an ion current of

0.01 pA with occasional pulses of up to 0,008 yA superimposed at times
of ACS engiue operation, The 0,01-uA ion current corresponds to an
electron density of 100 el/cma, which is roughly an order of magnitude

21
lower than the nommally accepted values for this altitude,

The field meter is exposed to the sun at the beginning of the
telemetry window an¢ remains illuminated by the sun until 1207:45,
Throughout the period of illumination, the J-field channel indicates a
current of roughly 3 X 10"5 A/m2 which 15 in excellent agreement with
the 2.9 X 1.0-9 A/cm2 photoelectron curvont predicted for gold under

22
golar irradation (see discusaion in ¢onnection with Figure D-3).

Both ficld=meter channels are noisy during the period of sun
illumination. Afteyr 1207:45, whon the {ield moter is shaded, the field=-
netexr readings are garkadly nffected by ACS engine operntion coincident
with pulsos on the ion probe No. 1 curront channel, At 1208:40 there
is o pronounced change in the readingr of both field-metor channels,
This change coincides with the end of the loug ACS burn, which coincided
with the 25% chunge in ion probe No, 2 curvent, There is so much ACS
activity during this tolemotry wind/ w, and the ACS congine activity has
sucﬁ a pronounced uifecet on the tng brumentation iu this window, that
oie shouid not expoct confosmity of the data with accepted satellite

bohavior,

14 shiould be noted that ot 1208:40, witey ACS'uctivity bus

dimtnished and the fiold meter is sheded from the sun, the E-field
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channel indicates essentially zero field., Starting at this same time;

ALt

the J-field channel indicates a current density that increases to
-6 2
=5 X 10 ~ A/m arriving at the field-meter location. This could represent

the electron current returning to the shaded side of the vehicle as the

A TN TR S, TR
e R TREER AT

result of photoemissions from the sunlit side.

. e, 19,320 nmi Altitude

Data from the telemetry window at an altitude of 19,320 nmi are
shown in Figure D-6, Much activity on the rocket occurred during this
time, Shortly after the beginning of the window, the ACS system was

operated to settle the propellant in the transtoge tanks, Sterting at

1322:10, the second burning of the transtage motor began and continued
until 1323:35. The vehicle was then oriented for payload relonge.
Payvload separation occurrod at 1326:52, After release, the transtage
wvas reorionted and drivon away frowm the payload by operation of the

* C ACS rockets.

Throughout this window, ion probo No. 1 wae shaded from the
sun and indicated o nowinal iom cuyront of 0.0 pA with occasional
pulses of up to 0,005 uwA supevimposed at tiwes of ACS oporation, DufingA
the socond trangtoge buxn, the iou probe No. 1 current ingreused up to
0.05 pA, ‘The 0,01-uA ion-probe cursont corvesponds io.un hmbianf

3
eloctron density of 100 ol/em . This value 1y in the range of nomally

O L

2 .
accepted values of elesctron density for this altitude, —  Thoe 0,05-pA
ion=probe curront durdng transtouge-ongine burn indicotes that an electron-
donsity iucrease of 400 el/ema was goneruted ut the don probe No. 1 '

location by the ionization assoceiated with the operation of this engine,

Ion prohe No. 2 18 illuminated by the sun throughovt the
telegotyy window, At the beginning of the record, the 0,3«to~0.4-pa

magihd tude of the current is appropriante foy photoelectric cnission'fren'
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the probe. (It should be noted that the cone angle of the insolation
vector during this window is only = 30° go that one might expect the
photoelectron current to be lower than it was in the previous records.)
During the period of the second transtage burn, ion probe No, 2 current
is reduced to 0,03 ui \roughly the same as the ion probe No. 1 current
during the burn), Why such an ion-probe current reduction should occur
during engine burn is not clear. It appears as though the photoelectric
current to probe No. 2 has been reduced to zero and both ion prohes are
reading the electron density generated by the transtage-engine ¢fflux.
One might argue that the engine exhaust obscures the sun, Since the
cone angle of the insolation vector at this time is 30°, the sun is off
the tail of the vehicle (see Figure D-1) and the transtags engine
exhausts out the back, At these altitudes, furthermore, the ergine
exhaust expands as soon ag it leaves the nozzle and forms a broad cloud
behind and around the vehicle, It is possible that the gas density of
this cloud is adequate to reduce the photoemission from the Ny, 2 ion
probe by an order of meznitude., At the zame time, the ionized constituents
in the effluent raise the electron/ion density in the vicinity of the
probe {c ~ 300 to 400 el/cms.

At the end of the 2nd transtago burn, at 1324 the readings of
both ion probes return to the values they had prior to the burn, Aiter
payload release, ion probe No., 2 current gradually decreases until it
reaches the 0,01-pA value indicated by probe No.l. This change in XNo., 2
probe current probably stems from shielding of probe No. 2 from the sun
as the vehicle is maneuvered after payload release, (Unfortunatoly no
data were made available to SRI regarding sun orientatiot following
payload rvolease, so that the argument regaxding No, 2 probe saiolding is
gpeculative,) With both proboes shaded from the sun, hoth would read

the same current corresponding to tho ambient elecvron densiiy.
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Throughout the telemetry window, the field meter is in the
sunlit hemisphere, The recessed design of the field meter, however, is
such that the gstator is largely shielded from the sun when the cone
angle of the insolation vector is 30°, Thus, at the beginning of the .
record, one should not expect photoelectron emission from the field
meter. This is in agreement with the measured data, which indicate a
"J=field" current density of =5 X 10-'6 A/mz arriving at the field-meter
location. As was indicated in the discussion of the 1835-nmi data, this
could represent the electron current veturning to this portion of the
vahicle as the result uvf photoemission from the suniit portions. The
J=field chonnel reading is affected momentarily by each operatioun of
the ACS rockets, and by the start and end of the transtage motor burn,
but immediately returns to =5 X 10~6 A/m2 after each transient defloction~~

even during the period or the transtiage motor burn,

[}

At 1324:30 when the insolation=cone angle is increonsed to 38°,
the J-ficld currer* density changes eign, bocowing +5 X 10#6 A/mz,'
possibly because now the ficld-moter stator is alightly illuminntod by
the sun and some photoelectric omiysion cecurs, At 1325:40 tho curvent
dongity goces to zero poasibly becouse vohiclo orviontation 4s now such
that tho photoolectric curvont cmitted {vom tho stutox vanes cguals the

oturn electron curront,

" "The E~f£isld chunnel rowmains rear zero during the early portion
of the record when the iusolation vector:ccne angle is 30° and the
stoator vanos arc’ﬁlmost complotely shaded firom the sun, Qpovation of
the ACH roxets gonorates larvge traunsiont puisos in the E-field vocowd
thiyoughout tuils porticu of the fl:eht; Start and atop of the transtuge
motoy produced lovge tvansients, but there way no gxbss'chungp in field-
moter iudication during the posdod of the burn, Starting ot 1324:30
an the ¥iold moter enters the sun=-illuminoted hemisphere, the E-fiold

chaniel venuds -2 kV/m. Thig roudiung 18 probubly goneratad by a photoe
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electron sheath about the sunlit portion of the vehicle, Payload separ-
ation produced a large transient in the E-field channel, but no obvious
permanent change in the reading, Attitude data following payload
separation are not available, so that it is not possible to speculate

on the reasons for the E~field-record behavior past this time.

As an illustration oi the detailed way in which the measured
parameters are affected by ACS system activity, the actual telemetry
records obtained at about the time of payload release are shown in
Figure D=7, As was explained earlier, ion probe No. 2 is illuminated by
the sun and indicates photoelectron emission current -that is over an
order of magnitude higher than fthe ion current extracted from the iono-
spheric plasma at this altitude, The photoelectric current evidently
also dominates any plasma gonerated by ACS operation, since ion probe

No. 2 current is congtant throughout the period of Figure D-7,

Ion probe No, 1, on the other hand, is shaded from the sun
during this period and indicates ambient lon density. This probe current
ig markedly affected by ACS motor operation in general, and most of the
thrustor pulses are short and result in & rwsk probe current roughly
twice the steady-state value., The thrustor burn sterting at 1326:27.4,
however, persistod for approximately b s and raised the probe gurrent to
three times its stoody-stute value, It 18 in%eresting to observe that
the payload=-soparation procoss did not affect the ilon probe No, 1 current,
This should be ouncouraging to the degigners of the sepuration hardware
beoausc it means thut all of the combustion products of the pyvotechnics
used to accomplish the separation were 80 well contained that thelr

effects were well bolow the effects produced by the ACS systom,

Bach timo the ACS systom 18 activoated, the J«iield channel of

‘the field metor indicates o burst of nogutive churge arriving on the

vebicle gkin, This reéult is congistent with the physical picture of a
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burst of increased ion/electron density being associated with the operation
of an ACS thrustcr, Since the electrons in the cloud are more mobile
than the positive ions, the electrons will diffuse out of the cloud more
’ rapidly than the positive ions, and this net diffusion to the skin of
the rocket will be read as a negative current density at the field-meter
location, At the time of payload separation, there is a pronounced
transient persisting for roughly 1 s on the J-field record. The details
of the transient are undoubtedly associated with details of the separation

process.

The E~field channel in Figure D-7 is also avidently affected
by the operation of the ACS thrustors. Each time a rocket fires, the
field indication is reduced momentarily., Physical explanations for the
details of this behavior have not been devised. At the time of payload
separation, a transient signal lasting about 1 s occurs on the E-field
record, The details of this signal atem from details of the separation
process plus the regponse of the field meter to fast transient signals
(this can be guite complicated because of the combination of signal

chopping by the rotating vencs and the action of the synchronous detectors).

3. Titan 1XIC~21 Datn

e A o a5

a. Goneral

Thexro are many similarities between the C-21 data and those

obtained from the €-20 vehicle, §Sinco dotuils of the two flights were

_ not identical, however, thore are differences iu the measured xosults,

: __ | In view of the deotail with which the C~20 data have been dtacubned, an

% effort will be nade to nimpl;fy the treatment of the C-21 dute by

| referring whenoyar'posaibla to the C-20 results.  Whexe unique aitﬁntiona

N avise in tho'c-ﬂl'dutu, they w;11~hu;considered in aomawhut‘mqro detail.
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i b. 80 nmi Altitude

Data obtained when the C-21 vehicle was at 80 mmi altitude

§ are shown in Figure D-8, Comparing Figure D-8 with Figure D-2, we note
that the first transtage engine burn occurred at this altitude during

the launch of C~20, thereby complicating the interpretation of the record,
'No such transtage-engine activity occurred during the period covered by
Figure D=8, During this period, ion probe No. 1 was shaded from the sun
and indicated a current of 1 pA, which corresponds to an ambient electron

3
dengity n, = 4 X 104 el/cm , in agreement with the published data used in

i Figure 17 for this altitude. No ionograms from the launch area were

provided to SRI for the Titan C=21 launch,

’ Ion probe No. 2 is supnlit during this period and is saturated

at a currvent level of = 3pA. Since the probe arvea is 137 cmz,

this means that the mecasured current density is 2 2,2 X 10~8 A/cmz. This

f 48 an ordor of magnitude higher than the photoelectyic currvent demsity

g : of 2.4 X'loyg A/cm2 predicted for stainless steel undox solay 111uminqtiqn.2
£ ,

It appears, thorefore, that the probe No, 2 eurreut;iﬁ.primnrlly the

result of ion colloction from the ambicat plusms. Applying tvds tater-

-
pretation we find that the requived eloction dewsity is "e @ 1.2 X-10° el/cma.

O e s e

Roforring to Figure 17, wo find that such a value of electron donsity is
posgible (although it 4s somowhat high for this altitude), Yt rvemoims
- thereiore to explain the difference between the veadings of ton pyobe

No. 1 aud ion prebe No.2., If 1on probe No. 1 in nddltiou-td batng

uhielded from the gun, were locuted in the wake of the velitele, one
- would expoct ity vemding to bu substoutiplly lower thon that of ion
.probé'no. 2. -Velocity dptn mude avoilableo to 5R1 1ud1cut0_thdt during -
this timo 1ntérvn1,Atho component of vehicle veloeity along the piteh B
3 axis 18 ~3846 ft/s = 1172 w/s, which means that ion probe No. 1 T
f : © indeed in o woke rogion,. (Noxmully fhe’valoe:ty-voctor is olmost contirely -
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along the roll axis.) Assuming a temperature of G600°K for this altitude
(see Ref, 26 for 150 km altitude) the positive ions will have a thermal
velocity of 425 m/s. This is substantially below the component of vehicle
velocity along the pitch axis, so that a region of reduced ion density

can be expected at the location of ion probe No, 1 which lies slightly

in the wake of the vehicle.27 The ion density in such a location can
readily be one-third the ambient ion density (see Figure 1, Ref. 27),

In this series of arguments we have been led to conclude that the ion
probe No, 2 indication ne 21,2 x.105 el/cm3 is most representative of

the ambient els¢tron denaity,

It will be interesting to investiguie the degree to which the
field-meter J-field reading cf 2 X 10-4 A/m2 (this is essentially the
game as the 2.2 X 10“8 A/cmz jon probe No. 2 curyent density) can be
explained. Let us ossume that the vehicle is slightly negatively charged
and that the field meter collects all of the vam ion current arriving on
the field-meter vones as the vesult oi the 1172-m/s component-of velccity

3 .
divectad into the field wmeter, 8 The ram ion currveni is given by -
1  w mnevA I (D~5)
ram o e
where n is the ton/eloctron density, e is the clectrumic charge (1,6 X
e ‘ o ,
10 coulouba), v 4¢ the component of velocity dirvoeted into the field

motey, hnd A is the intercepting axes, The currvent daustty‘fprfout'f‘

cnsu-will_bc

2 nNev B
= 1.2 10" .6 x107% Qurzy

s 2,25 X 107> Afus
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which is rcughly an order of magnitude lower than the measured ion current

density arriving on the field meter. The calculated ram ion current can
be Lrovght into agreement with the measured field-meter current density
by assuming that the ram ion velocity is v = 10,400 wm/s, but this is
greater than the total vehicle velocity of 7700 m/s at this altitude

so that this argument is not temable. Finally, we can observe that most

of the transtage is covered with a thick iayer of themmal-control material.

This material is an excellent insulator, and its presence can greatly
modify the normal flow of charged particles to the skin of the vehicle

(ram ion current being collected on the frontal surfaces, and anh equal

electron current being collected in the wake region). It appears thereiore

that the No, 2 iou=-probe current and the field-meter current deunsity are
both higher than they would be on a metallic vehicle. This situation,
however, is representative of what cccurs on a typical operational
vehicle that includes insulating surfaces--the surfaces can become
glectrically charged and modify the collection of charged particles in.. .
their vicinity, » '

¢, 100 to 200 ami A)tdtude

Data obtained fyom the C~21 vehicle at 100 to 200 mmi oltdtude
are shown in Flgure D~9, Much of the pcribd‘ahown'infﬁhO'Iigufg vag o
occupied by the fiyst burn of the tm-natugu ongine (0414:43.57 to A-
0420:04.67), Iivwili be 1uterﬁat1ug'to considey firgt the dota pxioy
to tho start of the burn, 'At thté timé ion pxobic No., 1 is shadeﬁ fyvon :
the sun while ion probe No. 2 and iha fie;d'metur are both 1lluninuied f
by tho .sun. The velociiy veltox ie predumtuuutly along the roll axie, |
The compotuent along the fqll uxis is 7600 w/y, with 1200 w/s divected

iuto the field meter ond jon probe Ko, 2,

The rendings of both ion probes prior to the burn ave almost

identical te thodw roadings in Figuve U-8. Since the orvientation of tue
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vehicle is the same, and since the altitude change involved does not
carry the vehicle into a radically different pldsma regime, the argu-
ments regarding interpretation of probe readings presented above in

Section 3-bh apply here.

The field-meter readings prior to the burn are also similar to
the values in Figure D-8, The E-field readiag is somewhat higher, and
the J-field reading is somewhat lower, but the arguments of Section 3-b

of this Appendix still apply.

During the period of the transtage-engine burn, the field-meter
records are noisy, and there are pronounced changes in the values o3
the veadinga., It is intoresting to note, however, that the engine burn
'did not preduce a dofinite unipolar change in vehicle potentinl of the
sort onm world oxpect if the engine were oxpelling charged particies of
a single polarity. Rather, tho field-meter vecoxd 18 cousistent with a
phyaical picture of a turbulent flow of charged particles pust the field

wotoy or striking the ficld weter,

The ion-probe readings also hre affoected by the trangtage-

“engiue burn, Here too, theye 1o ne systematic ineveage ox decirwase in

the probe currvent, Iustohd. the rarvent varies conwiderably duwing tne"

poried of the burn ae did the field-moter vouords,

- To explain in detuil the bebavior of the tnatruwents during

~ the engine buwn would require dotailed description of tho plasmn flow

during the burn, togethor with information op the way the sousors respond

to u furbulent plesmu, Such un anolysis 4s beyond the scope of this

raport.

At the conelusion of tho burn, the vehiclo 4a reoriented so
that the voloeity vector no longaw hus u compouent tuto the field meter
aund ion probe No. 2. At 0420:13 (the last velocity-vector dats for this
tolemetry window provided to SR1) the veloolty-vector clock unglo was
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70° and getting smaller. These changes in orientation are undoubtedly

. responsible for the changes in sensor outputs starting at roughly 0420:13.
Starting at 0422 theve are additional changes in vehicle orientation, as
evidenced by pronounced changes in insolation vector cone and clock
angles in Figure D-9, The lack of data on the precise vehicle orien-
tations with respect to the velocity vector places arguments regarding
the details 1in instrumentation outputs into the realm of pure speculation.
Accordingly, no:effort will be made to attempt to account for all of

these details.

d, 3500 to 4200 umi Aititude

Data obtained from the C-21 vehiele in the flighuy regime from

3500 to 4200 mai altitude ero shown in Figure D-10, 'Throughout this
period (excopt for a brief interval ot 0454:40) the ovientation of the
vehiclo with respoct to the sun is such that ion probe ﬁo. 1 19 {llumin-
atod wiiilo ion pyebe No, 2 aud the fiold motey arorboth shadod frnm the
- sun, For this altitude rogine we £ind fron Appendix B that the cloctivn

donsity 4 given by Bq. (D-4), Since ion probke No. 1 curront is

1,0 X 10~B A the corvesponding oloction deus:ty'ts (1.5 xl10~8) (1010)
o 150'91/cm3. ioﬁ probe No. 2'curfeu%'ot-ruugh1y'§ X lﬁya'ﬁ corMusponds
to un electron density of'auu'al/uma; These eloctron daﬁsxtiés:nre in
- roasonuble ngreement with published valucs fbr,thas altitude rogiﬂe.gs
-Ion probe Ro. 1 ¢urrent 18 oguivalent to ¢ eurrent density éf 1.1 x-lﬂdgr
A/uuz. which {9 siightly losy thon hulf the paotoclectyie current dousity

R ] 2 S 42
of 2,4 % 15 ﬂ/cmz for ctuinloss steel uudoy solay sllumtﬁutiona%

The ondy explonation that oan be offercd for the diffoveuce
betwoen the roudings of son probes No. I und Ro. 2 19 the offest of
veloctity, Probo No. 1 may be located in the wake of the vuhiciu-wher@ ,‘.

fion density 18 low, uo that probe No, 1 19 iudicating photoolecivon

25 . ‘
curront while jon probe No. 2 is indicativg ion domsity.,  Unfortunaiely,
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no velocity-vector data were provided to SRI for this time period, so

that this argument is speculative,

Throughout the period of Figure D-10, the E~field channel
indicates zero, This can be interpreted to mean that, at t*is altitude,
photoelectric emission is beginning to dominate in determiuning vehicle

potential.

The J-field channel of the field meter indicates that a current
density of roughly --10_5 A/m2 is arriving at the field-meter location on
the vehicle., Since the field meter is shaded from the sun throughout
thia period, the current arriving on the field meter probably represents
the roturn current from the photoelectric emission on the gunlit side

of the vechicleo,

Activation of the ACS rockots produces the transient pulses

evidont in all of the records of Figuie D=10. Most of the activations

- gonerate u pulee on cuch of the recorxds, Tho mognitude of the disﬁur~

Longe produce:' in a particulor sen - depends on the relative location

of the sensor and tho thruster, & .c of tho thxostors couple.poorly,

;into certain of the sensors, In those cuscs pulses mey appesy on two

or three of the channels but wot on the ochors, The way in which thie
disturbance monitests i1tvelf on ﬁha 1o verdes accovding to the seusor
being cvonsidered. ?ﬁe jon probes, Tox exaaple, youcrally iudicote a
reduction of clectron dousity at the time of AUS rouket motor fiving.

She two field~geter chavuels, on the other hund, indicate a bipoloy
distusbunce.  In ygeuersl, thuAconneﬂEion between ACS rocket petivity

ond sensor disturbance remained very clear-cut for the remniunder of the
flight, A typival clectrostutic-datu record will be examined in greatox
detall and compored tO the thrustor sctivity recoxd in a later gection

of this yoport,
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e. 14,200 nmi Altitude

Data obtained when the C-21 vehicle was at an altitude of
14,200 mmi are shown in Figurc D-11, At the beglinning of the record,

both ion probes are shadowed from the sun, As the insolation-vector

LS AT A D

s g 1

clock angle changes, ion probe No. 2 becomes illuminated by the sun, and

the current to it increases until it reaches a maximum value of 0.2 MA.

R

-9 2
This corresponds to a current density of 1,5 X 15 A/cm ., This is

-9 2
somewhat lower than the 2,4 X 10  A/cm photoelectric current measured

I AT A A T

in the laboratory for simulated solar illumina‘cion.2~1 We must observe,
however, that ion probe No, 2 is positioned on the vehicle at a clock
angle of 165°, whereas the insolation~vector clock angle is 220°, Thus
the insolation vector makes an angle of 553° with respect to the noxmal
ion probe No. 2, Correcting for this deviation from normal incidence,
we obtain for the predicted photoelectric current ip = 2.4 X 10"9 cos

; 55° = 1,4 X 10-‘9 A/cmz, which is in excellent agreement with the

measured value,

At 0638:35 the insolation-vector c¢lock angle reaches 233° and
ion psobe Mo, 2 is shielded from the sun by the housing for yaw-~right

ACS Jets 4 and 5, The ion probe No. 2 current drops rapldly at this

time. As the insolation-vector clock angle increases further, ion probe

- No, 2 enters the shaded hemisphere while ion probe No. 1 becomes illua~

S e e

inated by the sun.

P,

R

When they are shaded from the sun, both ion probes No, 1 and

TN

No., 2 indicate a current of 0,01 uwA, Irom Bq. (D«4) we find thot this

RECL)

3
corresponds io an electron density of 100 ol/cm , This is in good
agreement with published values of electron density at this aliitude

along the equator,

Throughout the periud of Figure D~11 the fileld metey 18 1n

the sun~illuminated ali of the velicle, but tho rocossod design of the

135
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field meter is such that the stator is largely shielded from the sun
when the insolation vector makes an angle of more than 60° with respect
to the normal to the field meter. Since the field meter is positioned
at a clock angle of 134° on the vehicle and since the insolation-vector
clock angle is never less than 180° in Figure D-11, the angle between
the field meter normal and the insolation vector never is less than

56°, Thus the field-meter stator vanes are shielded from the sun essen~

tially throughout this record,

-5 2
The J~fieid current of ~10 A/m probably represents the
return current stemming from phqtoelectron emission from other parts of

the vehicle,

Throughout this period, the E-field veading remains at -2 kV'm,
vhich indicaies that the vehicle is pusitive with respect to its
surroundings. This is in agreement with the argument that, as amblenc
plasma density is reduced, the competition batween nregutive charge
accretion frow the plasma and negative charvge loss by photoemission
becomss dominated by photoelectron emissioun, and the vehdcle acquiros

25,29
a not positive charge. '

£. 18, 600 il Alti&;dg

Data obtained at 18,600 nni altitude auring the flight of tﬁe
Titen I1IC-21 are shown in Figuve D«i2, In gll respocis this revord s
almost Ldentical with that of Figure D-il, Thus all of the obsorvations
made in Seciion 3we above regavding the significance of the Figurm‘ﬁﬁlt;

data also apply to ¥Figurs D13,

g. 19,400 st (Synchyonous Owhit) Aliitude

Bate frow the C-21 welilcle after 1t reanched pyuchronous orvit

sre shows &n Flguro U«13, 1he manowvering ussoeiuﬁed;with_vpy;oad e3¢e$i9n~l;?f
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is evident in the insolation-vector plots, and in the stetch at the
bottom of the figure showing transtage orientation, 1In spite of the
maneuvering, lon probe No, 1 was shaded from the sun throughout this
period and indicated a nominal resting current of 0,005 pA (full-scale
deflection on this channel is 0.1 pA, so that this reading is approaching
the detection limit and is not overly precise). This reading corresponds
to an electron density of 50 el/cma, in agreement with the published
range of densities for this altitude.21 The record of ion probe No. 1

is markedly affected by ACS rocket coperation during this period,

The record of ion probe No. 2 shows the effects of vehicle
maneuvering, During parts of the period, the probe was illuminated by
the sun, When the vehicle was oriented for payloasd ejection, on the
other hond, the orientation wes such that ion probe No. 2 was shielded
from the sun by tho housing for the yaw-right ACS rockets 4 and 5.
During the shaded portions of the vecord, a current of 0,01 pA was
‘moasured, corresponding to on clectron donsity of 160 el/cma. in
agreoment with the published range of donsities for this'altituda,zl
‘ The 2«to-1 disparity betweon the veadings of ion §r0b09 No, 1 and No. 2
‘should not bo taken too sexiously because, as wns'indtcntcd onrlier;'thb
probe current 18 so low here that tho detection limit of the systom 18
approached. fThe data siiould simply bo intorpretad to indicate that
an electrvon donsity of rvoughly 75 el/cm3 (the avorvagoe of the two probo

roudings) way wossured, During shaded poriods, the activity of the ACS

systom_hnd o pronouncod offoet in the ion probe No, 2 ryevoril.

Waen ton probe No. 2 was illuminated by the sun, tho probe
current was 0,08 uA. This corresponds to o current density of rough;y
6 X 10710 A/umz. This 18  of the 2.4 X 19‘9 A/cm2 neasused in the
laboratory fyonm stuinless stoel under similuted noxmnlly incidoat solay

a2 .
1llumivation, We nugt obsorve, however, that the inselation vector

i1s fur from novmrl to the No, 2 ton pyobo, Yoy oxomple, ut 0935‘gho
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ingolation vector clock angle is 230°, which is 65° from the clock

position of the probe, At this same time, the insolation vector cone
angle is 135°, The angle the insolation vector makes, with respect to
the normal, to ion probe No. 2 is therefore 73°, and the flux density

intercepted by the probe is cos 73° = 0,29 the flux at normal incidence.

The field meter is largely shielded from the sun throughout
this period, sime the insolation-vector clock angle is always greater
than 224° except for brief periods at 0945 and 0955. At 0945 the field
meter reading is perturbed for a period of roughly 4 minutes. For the
remainder of the record, the nominal fleld-meter channel readinugs ave
both identical with those of Figuve D-11, and the observations made in
Section 3-e of this Appendix regarding the significance of Figure D=1l
figld-meter danta also apply to Figure D=13.

It 18 interesting to oxamine in more detail the data outputs
at the gonoral time of payleoad seoparation. Jon-probe data from the
poriod of payload No, 1 release are shown in Fig ® D-14 together with
chambor=prossure recoxds from the ACS vockets, It 18 ovident that ocach
pulse of incveascd ion-probe curront corresponds to a firving of o
thrugtor, It is also evidont that cortain of the thxustoxs gemerate

wore of a chango iu ion density at o particular probe than do othois.

A moatrix showing the degree of wupling betweon the varicus thiustors

'aud cach of the ion probes is shown in Table -1, The locations of the
vartous AUS motors are shown in Figure D-1, 1ho opovation of rockets
No, 12 and 6 {»oll &CW) :pwducoe f:he gréatcst increase i_n the ion dongity
ot both ton probus. (The rockets axo operated in paixe.) A stiong

. effoct on ion-probe Ko, 1 &9 oxpocted since tho exhuust fyom ongine No. 12

papscy diruotly ovor ion pyolo No. 1 (shiolded from direct impingement

‘by the housing iok ACS rockots 10 aud 11). Similarly, stiong coupling

exists botwoen rocket motor 6 and don probo No, 2 because the exhaust
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from engine No, 68 passes directly over ion probe No. 2 (shielded from

direct impingement by the housing for ACS rockets 4 and 5).

DEGREE OF COUPLING BETWEEN ACS ROCKET EXHAUSTS AND LANGMUIR ION PROBES

Table D~1

Degree of Coupling
ACS Engine No. Ion Probe No, 1 | Ion Probe No, 2
1,2 Weak Weak
3,9 Weak Weak
4,5 None VWeak
- 17,8 Weak Weak
10,11 Weak Weak
12,6 trong Strong

AT N N e N el el A TS A s <9 . ke 2 o T R &

Rocket motors 3 and 9 (roll CW) are similarly located with
rogpect to the ion probos, but thelr cpexaotion produces a less pronounced
increase in probe curremt, The exhaust from motors 3 and 9 is dirceied

away fion ihc ion pyobos.

All of the pitch and yaw motoxs exhaust in the uxt divection,
aud the effect of their operation on ion-probe curront is less pro-

nounced thﬂn'thé effect of rocket englnes'12 and 6,

A vory intoresting aud significnnt offoct was observed following
tihe release of the first payload at 0838:56,64., It will be noted that |
there was ne ACS rocket activity afteor 0938:565.2, but there is a pulse -
of increoaged current in both ion=-probe chunnels starting at 0938:08.8
Whén

this unexpected current pulse was discovercd hy SR pafsonnel,,speuuw.,

(13,6 s after payload releaso) and porsisting until 0939:12,5,

lation immedintely began vegarding -its cause, The firet poasibility
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congidered was that antenna breakdown either on the transtage (considered
highly unlikely) or on the payload satellite occurred at this time,

‘A check with personnel at SAMSO/Aerospace quickly disclosed that the
spinup rockets on the payload satellite were fired at this time, 1In
fact, the time waveform of the current pulse induced in ion probe No, 2
closely duplicated the chamber-pressure variation observed during the
burn of a spinup rocket., It was concluded that the ion-current pulse
was undoubtedly caused by the operation of the apinup rockets on the
satellite which was at this time at least 14 ft from the transtage. (At
separation, the satellite moves away from the transtage with a velocity
of at least 1 ft/s.) This result is significant, since it indicates
that a remote measurement with a passive system such as ‘the ilon probe

is able to detect rocket-motor opuration on a satellite, und can provide
a time histoxry of the burm, With additional effort, it should be
possible to obtzin an estimate of eaglne thrust from ion-density change

and distance Irom tie sensor to ithe rocket motor,

Data from the pericd about the time of No, 2 payload release

are shown in Figure D~15. Here there is much more ACS system activity

‘thau thore was prior to the rolease of the No, 1 payload, Again, it s

evident that both ion-probe curronts are markedly affected by the oper-
ation of the No., 12 thrustor., 1In this rccord, there are soverxal long
burns of the No. 12 motor (e.g., at 0948:62.4, 0948:56,.4 ond 0949:01,2),

Corrosponding loug curront pulsos aye observed in both ion probes,

Paylond No, 2 wos roloased ut 0949:18.64, BStarting at 0849:29,9

(11.25 s aftor payload roleuse) und porsisting until 0849:33.7 a complex
curreiit pulse occurred on both iom-probe channels, When the electyo-
static instrumentation duta wexe first inspocted, tho ACS thrustor
activity Yecord was not available, and tho informal information supplied
to SRI indicated that thore should be no ACS aotivity at tho time of the
observed pulse, 'fThe ion-probe duta wore first interpreted to mcan that
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v

? possibly a malfunction had occurred in the satellite spinup rocket
motor, thereﬁy generating the three additional peaks in the record
(compare Figure D~14 and D-15), A second interpretation was that, on
this particular flight, ACS motor activity did occur precisely during

~satellite spinup, thus generating the additional peaks in the No. 2 ion
probe record. When the ACS motor-pressure data became available, it
was immediately apparent that the complex ion-probe current record was
the result of the simultaneous operation of the spinup rocket motor on
the satellite and three pulses from the No. 12 motor of the transtage

ACS aystem,
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Appeondix E
DESCRIM‘iON OF SATELLITE INSTRUMENTATION
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Appendix E

bESCRIPTION OF SATELLITE INSTRUMENTATION

1. Introduction

Satellite electrification, which is known to ocour under certain
environmental conditions in space, 18 a likely cause for the unexpectedly
rapid degradation of themal-contyol material properties observed on

previously launched syuchronous—orbit satellites,

This detorioration of thoymalwcontyol properties may be caused

(1) by the accelorated deposition of electrically charged or poloyizable

contaminants on thermal-cortrol surfaces due to electrostatie attraction,

or (2) by physioal chuanges in thﬂumaleeoatrol chagracteristics duo to
electrical dischargos that oceur between pottiuns of satellite matevials
 that become ehargaed to unequal potentiols, In addition, the elgotric
fields produced by ﬁharged surfaces con interfere with the opevation of
ficld-gongitive fnstrunents,. Thérroﬁultins eleetyvieal discharges mayA'
Produce gevero electrical wolse in oritical iugtrumentation oé contiol
cironits, | ' o |
An inétruﬁéutntian gysten for the study of sutellite olﬁdtfifi-
gation ée@hanisms and chargiug eurrents has bu@h developod by Stanford
Regedach Inatitute aud s been instailed on g gatelitte that s to be
launched in the seay future. This iustrumeneagion'iystem is basicully
o wmodificd and yepackeged version oi cne that wos deveiapod-by SRi and.
wuployed ou the flights of Titan 131C-20 uud €~21 to study rocket

Qlectydticotion.
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The Titan instrumentation is described in detail in Ref, 8 and
again briefly in Section II of this report. The Titan instrumentation
was chosen as the basis for the satellite instrumentation system, since
the Titan system had already been quelified and proven in flight.
Further, the time and effort required for modification and repackaging
of this system for use on a satellite was minimal,thereby allowing in-
orbit data regarding the electrostatic processes of interest to be

obtained at tbe garliest .possible time.

2. ‘ Satellite Instrumentation

A block diagram of the satellite instrumentation system is shown in
Figure E-1, and an abbreviated description of this system is given
below, A more complete description of the major components of the syatem

is given in Ref, 8.

a, Electrostatic~Field Sensor

The electrostatic-fleld sensor i8 of the rotating-vane design,
The detector head is mounted in a hole in a themmal-control panel in
such a manner that the sensor vanes are exposed to the exterior of the
vehicle, The depth at which the gensor is mounted has heen chosen in
order to maximize the sensitivity to electric fields produced by charge

accumulation on the vehicleo surface surrounding the sensor,

The electric-fieid senscer is «lso equipvod {0 wessurs conves~

tion currents that flow to the sensor from the environwent,

For the satellite cystem the senaitivity of th@'oloetyicwfiaid
and convection=current sensors huas bean inereased by a facter of 20 in
order to allow thevmeasurement of the magnitudes ol vehicle pgtantioln_A
and convection current that are eoxpected during relntivaly{qn;et_; .

periods as well as during periods of increased solay activity.
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The location of the field-sensor on the satsllite is shown
in Figure E~2, Figure E-~3 is a photograph of the satellite electro-
static-1iield sensor. It is evident from the photograph that the design
of the sensgor has been modified to minimize the degree to which the

vanes are recessed,

b. Ion-Probe/Pulse~Counter Sensors

Two ion=probe/pulse-counter sensors are mounted on the vehicle
surface as shown in Figure E-2, Each sensor consists of a stainless~
steel plate with a surface area cof 150 cmz. The sensors are biased to
a fixed voltage of ~5.6 V with reapect to the satellite frame in order

to allow the collaction of pozitive ion current.

in addition, each of the sensoys i3 coupled to pulse-counter

circuitry that allows the detection and counting of electrical pulses
induced in the gensor either by electrostatic discharges that occur
on themal«control suriaces nsar the sengor or by charged particles,
such an those that may be produced by rocket-motor operation, that
strike ths gemsor, The amplitude und time~giructure of an indused
pulsa determines whother or not the counter circuitry is triggered,
Laboratoyy experiments are piruned to dstermine~thé pulse~giructure

roquivements fox raiiablq detection, ag well ae the sirusture of pulces

1oi'tne.ty§& prﬂdgce& by disahuxgé&:oniﬁhékmai»centrdlisurfauasa

?igurv Ewd ig o photograph uf a0 ion~pr0bo/pulge-cnuncew aongoy

and its d&&ﬂﬁiﬁied groumplificr

' siynalm?raneﬂuing«ﬁluctrsnius Housing

The a*guu1~proaeﬂainguelectr0nics hcuuing uontuins the nacessary

_ on/nf;»aommund circuitry» tho socondary power supply, and the major
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TA-B428-62

FIGURE E€-3 SATELLITE FIELD-METER SEN3OR

portion of tho signal-processing electronics, Iigure E=5 18 a photo-

graph of this unit with an aceess cover romoved,

1) On/0ff=Command Cirveukiry

The on/off»commund‘circuitry 18 desipgned for fail-suto
operstion, in that two separate command-signal pulses wre requived to
turn on the fnstrumentation while u single command on vither line will
turn the 1nstrumontuttou oft, 1In uddilién, in case of single=point
commnd=cireut t fuilure, the tastrumentation will rovert to the off

comlition, A schomutic diagram of one of the two fdentical channels

umployoed in the on/off=commund interface civeutt is shown in Figure E-G,




TA-8428-83

FIGURE E-4 SATELLITE PULSE PREAMPLIFIER AND LANGMUIR-ION-PROBE SENSOR

(2) QUMB Baporiment Power

The secondary powor gupply contained in the SRI instru=~
mentution packuge 18 being used to supply 28-Vde power to a quartas

crystul micro=balance system,

Power 18 supplicd to the QUMD expeviment only when the

SRU tnstrumentation is turned on,

(3) System OQuiput Channels

The systenm output channels are showh in Figure B-1,
Each channel 48 sompled by the telemetry systom at o rate of 1 sample

pur secontl,
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YA-8420-54

FIGURE E-6 SATELLITE ELECTRONICS PACKAGE
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The full-scale output range for each channel is 0 to +5 V.
The output from each channel is linearly proportional to the input
signal being measured. The nominal input parameter ranges for each of

the channels are given in Table E-1,

Table E-1

SRI SATELLITE INSTRUMENTATION

—
SENSOR PARAMETERS MEASURED NOMINAL RANGE
Electrostatic- Electric Field (high=-gain) 1+ 500 V/m
Field Sensor | p)octric Pield (low-gain) + 15 kV/m
Convection Current (high-gain) 5 uA/mz
Convection Current (low-gain) + 150 uA/m2
Ion-probe/ Ton Current (high=-gain) 0 to + 9*21525
Pulge counter cm
No, 1 Ion Current (low=-gain) 0 to + 20 ;A
cn
Pulse Count (high=gain) 0 -« 50 pps
Pulge Count (low=-goin) 0 - 1000 pps
fon~probo/ Ion Current (high-gain) , O'to + Q*EZEE&
Pulse counter cm
No, 2 Ion Current (low-gain 0 to + 32—3&
i
Pulgoe Count (high-gain) 0 =~ 50 pps
Pulse Count (low-gain) 0 - 1000 pps

d.  Progross to Duto

Undor the present contract, the satellite iustyumentation

gysten wus constructed und installed on a satellite.
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A preliminaryzpost-instaliation qperﬁtional and signal~
injection calibratinn test of.fhe satellite instrumentation system was
performed. During this test théicomplqte ingtrumentation system func-
tioned us planned and the telemetry outﬁuts were shown to be linear with

respect to the system input parameters over their entire ranges..

. A proposal was submitted for continued effort, including
the final preflight instrument checkout and calibration, the analysis

and reduction of in-orbit data, and laboratory work to support the |
30 . ;
data~analysis effort, This proposal resulted in a subcontract to ,

31
carry out the additional work. At this writing the preflight checkout;

and calibration have been accomplished, and the satellite was sucessfullF

launched, Data reduction and analyais are underway. [

|
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